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 ABSTRACT 
Extensive research into enzyme-induced bio-conversion of lignocellulose to soluble sugars 
has been conducted and research continues in this area. Several approaches have been taken to 
attempt to alleviate the economic problems associated with utilisation of lignocellulose in fuel 
ethanol production. Novel organisms such as the yeasts being developed for simultaneous 
saccharification and fermentation (Mielenz, 2001), novel enzymes, developed through protein 
engineering or directed evolution (Arnold, 1998; Himmel et al., 1999), and inexpensive 
means of enzyme production, have been investigated (Austin-Phillips et al., 1999; Kawazu et 
al., 1999; Sakka et al., 2000).  
 
By expressing cellulase genes in planta, it is hoped that the cost of enzyme-mediated 
hydrolysis of cellulose to its soluble sugar monomers, will be reduced. Some 
accomplishments have been made in this area using nuclear genetic transformation (Abdeev 
et al., 2003; Abdeev et al., 2004; Austin-Phillips et al., 1999; Biswas et al., 2006; Dai et al., 
2000a,b; Dai et al., 2005; Jin et al., 2003; Kawazu et al., 1999; Sakka et al., 2000; 
Ziegelhoffer et al., 1999; Ziegelhoffer et al., 2001; Ziegler et al., 2000), but more research is 
required to bring the levels of cellulase enzyme expression in plants to levels that will make 
the process economically competitive. 
  
Chloroplasts of N. tabacum were selected as a target for transformation for high level 
expression due to their extremely high rates of transcription and translation. These were 
transformed with two genes, the e1 gene from A. cellulolyticus, and the cbh1 gene from  
T. reesei. Further aims included the investigation of the effects of using different promoters, 
and the novel use of both nuclear and chloroplast-based expression in a single plant, on the 
level of protein production in the heterologous host. 
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Heterologous expression of the cbh1 gene was not successful. This is thought to be due to 
toxicity of the protein in a prokaryotic environment.  Future studies should focus on trying to 
avoid this toxicity by targeting of the chloroplast-expressed enzyme to specific tissues, such 
as the thylakoid membrane, for containment, creating a codon-optimised synthetic gene that 
better mimics the codon usage of the plant to be used for expression, or placing the expression 
under a reactive cascade that is only activated upon exposure to an external trigger. By only 
producing the CBH1 enzyme in reaction to an external trigger, it is hoped that the potential 
toxicity associated with the build-up of CBH1 enzyme would be inconsequential due to the 
timing of triggering being at the end of the plant’s life.  
 
Heterologous expression of the full length gene for E1 from A. cellulolyticus was successful. 
Chloroplast homology vectors under the constitutive promoter Prrn, and the inducible 
promoter T7, were constructed and these were used to successfully transform N. tabacum cv. 
Petit Havana chloroplasts. Stable transgenic plants were produced and evaluated by a variety 
of means, with the heterologously expressed enzyme showing activity against the soluble 
substrate analogue MUC of up to 3122 ± 466 pmol 4-MU/mg TSP/min and an E1 
accumulation level of up to 0.35% ± 0.06 of the total soluble protein.  
 
Lastly, chloroplast transformation was combined with nuclear transformation to create novel 
dual-transgenic plants simultaneously expressing E1 from both the nuclear and chloroplast 
genomes. The combination of these technologies was very successful, with the heterologously 
expressed enzyme showing activity against the soluble substrate analogue MUC of up to 
35706 ± 955 pmol 4-MU/mg TSP/min and an E1 accumulation level of up to 4.78% ± 0.13 of 
the total soluble protein, and provides a new approach for increasing the accumulation levels 
of plant-produced cellulase enzymes.  
 
 3 
1 INTRODUCTION 
 
Cellulose, in the form of lignocellulosic biomass, is the most abundant biopolymer on Earth 
(Bayer et al., 1998; Karlsson et al., 2002; Kleywegt et al., 1997) and represents a significant 
proportion of the Earth’s available biomass. Plant biomass, defined as all the biologically 
stored energy in the planet’s flora (Aristidou and Penttila, 2000), constitutes an enormous 
deposit of stored energy that can be exploited for fuel needs. Unfortunately, at present, only a 
small proportion of this resource, generally the fossilised biomass forms of coal and oil, is 
utilised. However, in light of the dwindling supply of such fossilised biomass deposits, 
interest in developing fuels from the non-fossilised, renewable forms of biomass, such as 
waste cellulose, has been renewed (Jin et al., 2003; Karlsson et al., 2002).  
 
1.1 Ethanol as a fuel replacement for petroleum 
1.1.1 Fuel ethanol 
The use of ethanol as a fuel dates back to at least 1908 in the United States (DiPardo, 2002). 
The model T car designed by Henry Ford was able to run on either gasoline or pure ethanol 
(DiPardo, 2002) and currently in Brazil, over 3.5 million automobiles run on hydrous ethanol 
at an ethanol content of 95.5% (Wheals et al., 1999). Ethanol was also widely used as an 
automobile fuel in the United States up until World War II, but after the war there was little 
interest in pursuing fuel ethanol as petroleum-based fuels became increasingly available and 
affordable (Berg, 2004; DiPardo, 2002).  
 
Interest in fuel ethanol was renewed in the United States in the 1970’s when the phasing out 
of lead as an octane booster began, and unrest in the Middle East began to lead to oil supply 
disruptions (DiPardo, 2002). Currently, ethanolic fuels are receiving a lot of government and 
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media attention and fuels blended with ethanol are already being sold in several countries 
including Brazil, the United States, Canada, France, Spain, Sweden, India, China and 
Australia (Table 1.1) (Berg, 2004; Canadian Renewable Fuels Association website, 2003; 
Wheals et al., 1999).  
 
Ethanol can be used as an octane booster in unmodified engines when mixed with petroleum 
in blends of 5 - 30% ethanol (Berg, 2004; DiPardo, 2002). Ethanol can also be used to 
increase the oxygen level of petroleum fuel to help minimise incomplete burning, a major 
source of photochemical pollution. Interest in this latter application has been renewed in light 
of the potential phasing out of Methyl Tertiary Butyl Ether (MTBE) as a fuel oxygenate 
(Berg, 2004; DiPardo, 2002). MTBE is an oxygenated fuel additive that is produced by 
combining methanol, a derivative of natural gas, and isobutylene from oil refineries 
(Canadian Renewable Fuels Association website, 2003), but it is toxic and is an alleged 
carcinogen (Wheals et al., 1999).  
 
Ethanol increases the oxygen level of petroleum fuels more than MTBE, making it 
economically competitive, despite its higher cost, as a smaller amount needs to be used to 
obtain the same level of oxygenation. The only drawback of the use of ethanol as a fuel 
oxygenate is that it is highly volatile, which limits its use in hot weather as it can lead to the 
formation of ozone which is toxic to humans and many plants (Canadian Renewable Fuels 
Association website, 2003; DiPardo, 2002). 
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Table 1.1 Some ethanolic fuels currently in use. (Wheals et al., 1999) 
 
Country or Region Name of Fuel Ethanol content (%) 
Brazil Hydrous Ethanol 95.5 
North America E85 85 
Brazil Gasoline 24 
North America E10 (gasohol) 10 
United States  Oxygenated Fuel 7.6 
United States  Reformulated Gasoline 5.7 
Sweden Biodiesel 15 
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1.2 Current means of ethanol production and biomass conversion alternatives 
1.2.1 Current fuel ethanol production 
Currently, fuel ethanol is produced by the saccharification of starches such as corn starch, or 
extraction of sugars from crops such as sugar cane or sugar beet, and subsequent fermentation 
of the sugars by yeast. This is followed by separation of the ethanol by distillation (Berg, 
2004; Wheals et al., 1999). This approach to fuel ethanol production is not economically 
viable as corn starch, sugar cane and sugar beet feed stocks are expensive (Berg, 2004; 
DiPardo, 2002) and their large-scale use in fuel ethanol production would only cause their 
cost to increase further, possibly destabilising other industries (Berg, 2004; Burrow, 2007; 
Nesmith, 2007; Raabe, 2007). Improvements in the industrial technology used to produce fuel 
ethanol have led to significant reductions in the cost of production over the last 15 years 
(Wheals et al., 1999), but ethanol still relies heavily on government subsidies to be 
economically competitive with petroleum based fuels (Berg, 2004; DiPardo, 2002). 
Considering the feedstock cost is estimated to constitute as much as 70-80% of the overall 
cost of production (Berg, 2004), a low-cost alternative to traditional feed stocks for ethanol 
production is waste cellulosic biomass. Agricultural residues, such as wheat and rice straw, 
have been identified as an excellent source of waste cellulose (Vlasenko et al., 1997) with  
82 million metric tons rice straw waste being produced annually in India alone (Kaur et al., 
1998). 
 
1.2.2 Bioconversion of lignocellulose to ethanol 
Because cellulose, in the form of lignocellulose, is the most abundant polysaccharide on Earth 
(Bayer et al., 1998), and can be considered a renewable resource, utilisation of the stored 
energy within its chemical bonds as a source of renewable fuel is highly desirable. Extensive 
research into enzyme-induced bio-conversion of lignocellulose to soluble sugars was 
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conducted in the 1970’s and 1980’s but it was found that the process was “rather difficult and 
uneconomical” (Bhat, 2000). A major drawback of the approach is the cost associated with 
cellulase enzyme production using current methods (Dai et al., 2005; Jin et al., 2003; Wheals 
et al., 1999; Ziegelhoffer et al., 1999) and expansion of the production capacity of current 
plants would only further increase the costs. However, considering the carbon dioxide 
released in the burning of ethanol was originally extracted from the atmosphere during 
photosynthesis, thus the burning of ethanol makes no net contribution to global carbon 
dioxide levels, or the greenhouse effect (Wheals et al., 1999), fuel ethanol production from 
biomass is still worth pursuing, despite the difficulties.  
 
Economically viable methods of enzymatic conversion of waste cellulose to ethanol will also 
reduce reliance on the dwindling fossil fuel reserves of coal and oil. This is an attractive 
prospect for countries, such as Brazil, with little or no fossil fuel deposits as it would result in 
a boost for the local economy through increased self-sufficiency. However, “fuel ethanol 
production will only remain a significant industry and become a potentially self-sustainable 
agriculture system for the 21st century if the utilisation of lignocellulose becomes a 
commercial reality.” (Wheals et al., 1999).  
 
1.3 Agricultural waste cellulose 
1.3.1 Crop residues 
The residual stubble left after the harvesting of broad-acre crops constitutes a significant 
disposal problem for farmers. Traditionally, the cheapest and most convenient means of 
dealing with crop residues has been to burn them (Kirkby, 2001; Vlasenko et al., 1997). 
Unfortunately, this not only contributes to air pollution, but damages the soil, reducing its 
ability to absorb water and therefore its capacity for successful cultivation of further crops 
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(Kirkby, 2001). Burning also alters the microflora of the soil and can lead to erosion problems 
due to the loss of binding organic matter (Kirkby, 2001).  
 
Growing environmental awareness, and pressure from environmental groups, has meant that 
farmers have begun to look for alternative, and more environmentally conscious, ways of 
dealing with the residues. Since about half the nutrient and resource input required to grow 
crops is tied up in the residual stubble (Kirkby, 2001), it makes sense to utilise this part of the 
crop in the production of other useful products. In this way, the farmer would potentially be 
able to derive further income from what was once a disposal problem, thereby maximising the 
profit and usefulness of the crop.  
 
1.3.2 Cellulose 
Agricultural residues are composed primarily of between 25% and 60% cellulose, between 
10% and 35% hemicellulose, and approximately 25% lignin (Aristidou and Penttila, 2000). 
Cellulose is a chemically simple, but structurally complex (Bayer et al., 1998; Stahlberg et al., 
1996) insoluble, linear, high molecular weight (MW), crystalline, sugar polymer formed by 
enzymatic polymerisation of β-D-glucopyranosyl molecules to give a chain linked by  
β-1,4 glycosidic bonds (Figure 1.1) (Harjunpaa et al., 1999; Koivula et al., 1998). These 
polysaccharide chains are extruded, crystallised, and then packed together in parallel fashion 
to form cellulose microfibrils. These microfibrils are connected with hydrogen bonds to create 
superstructures such as cell walls (Bayer et al., 1998; Eriksson et al., 2002; Kleywegt et al., 
1997; Koivula et al., 1998).  
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Figure 1.1 Structure of Cellulose. (Macrogalleria Website, 2003) 
 
 
β-1,4 glycosidic bonds 
β-D-glucopyranosyl 
molecule 
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A great deal of information on the superstructure of native cellulose has been established, 
however, despite extensive research, the exact ultrastructure of native cellulose has not been 
completely resolved (Bayer et al., 1998). What has been discovered is that cellulose fine 
structure varies, in both shape and size, depending on the source. Microfibrils have been 
found to range in diameter from 2 nanometres (nm) in some plant cell walls to 20 nm in some 
seaweeds and sea animal tunics (Bayer et al., 1998). Also, two distinct crystallographic 
phases, Iα and Iβ, have been identified. The Iα phase has lower density and stability compared 
to the Iβ phase and is therefore more susceptible to chemical or enzymatic hydrolysis (Bayer 
et al., 1998). 
 
1.3.3 Hemicellulose 
Hemicellulose is a low MW, branched heteropolysacaccharide typically consisting of  
β-1,3 glycosidic bonds with substantial variation in structure and composition (Aristidou and 
Penttila, 2000; Harjunpaa et al., 1999). It contains a mixture of xylans, xyloglucans, 
arabinoxylans and mannans, often with acetyl esters attached to the backbone (Himmel et al., 
1999). Hemicellulose is packed around the cellulose fibres, and stabilised with hydrogen 
bonds to assist in the construction of superstructures (Himmel et al., 1999). 
 
1.3.4 Lignin 
Lignin is the third major component of lignocellulosic biomass. It is a “complex, variable, 
hydrophobic, cross-linked, three-dimensional aromatic polymer of p-hydroxyphenylpropanoid 
units connected by C-C and C-O-C links” covalently cross-linked to hemicellulose (Lee, 
1997). Lignin is extremely resistant to degradation, but enzymes produced by white-rot 
basidiomycetes and some actinomycetes are capable of catalysing degradation in the presence 
of another carbon source such as glucose or cellulose (Lee, 1997). 
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1.4 Cellulase enzymes 
1.4.1 Cellulase enzyme discovery 
Scientists have known that enzymes from fungal extracts are able to break down the 
polysaccharides of plant cell walls since 1886 (Himmel et al., 1999), and substantial research 
has gone into elucidating the structure and action of cellulose degrading enzymes since the 
efficient separation of native proteins was enabled by the development of the cross-linked 
dextran gel, Sephadex, in 1951 (Himmel et al., 1999). The ubiquitous nature of cellulose has 
given rise to an enormous number and variety of organisms that produce the cellulase 
enzymes necessary for cellulose degradation (Kleywegt et al., 1997). Cellulase enzymes 
break the β-1,4 glycosidic bonds of cellulose to liberate the sugar monomers present. In 
nature, these liberated sugars are used as a carbon source, but humans have developed means 
to ferment them to produce a variety of economically important chemicals, including ethanol 
(Karlsson et al., 2002).  
 
1.4.2 Cellulase enzyme structure and action 
Cellulase enzymes are generally modular enzymes (Karlsson et al., 2002), with independently 
folding, structurally and functionally discrete domains, capable of hydrolysis of the β-1,4 
glycosidic bonds of insoluble, crystalline cellulose (Bayer et al., 1998; Harjunpaa et al., 1999; 
Koivula et al., 1998). They belong to the glycoside hydrolase enzyme family, responsible for 
the hydrolysis of a variety of oligosaccharides and polysaccharides. However, they all cleave 
the same β-1,4 glycosidic bond (Bayer et al., 1998). A characteristic of all cellulase enzymes 
is the presence of a catalytic domain closely associated with a cellulose binding domain 
(Bayer et al., 1998; Hui et al., 2001; Karlsson et al., 2002; Klarskov et al., 1997; Koivula et 
al., 1998). 
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Three different enzymes, an endocellulase, an exocellulase and a β-glucanase, are required to 
work synergistically to successfully degrade crystalline cellulose (Dai et al., 2005; Harjunpaa 
et al., 1999; Himmel et al., 1999; Hui et al., 2001; Jin et al., 2003). Generally, endocellulases, 
also called endoglucanases, attack the β-1,4 glycosidic bonds at random sites along the 
cellulose chain, freeing sections of the chain from the crystal surface and creating free ends 
upon which exocellulases, also called exoglucanases and cellobiohydrolases, can act 
(Fagerstam et al., 1984; Harjunpaa et al., 1999; Himmel et al., 1999). Exocellulases, also 
called exoglucanases, act upon the free reducing ends of a cellulose chain, hydrolysing the 
bonds to processively liberate cellobiose molecules (Aristidou and Penttila, 2000; Fagerstam 
et al., 1984; Imai et al., 1998; Koivula et al., 1998; Stahlberg et al., 1996). Cellobiose 
molecules are glucose dimers linked by the β-1,4 glycosidic bond. The β-glucanases act upon 
the cellobiose molecules to liberate free glucose molecules (Fagerstam et al., 1984). This 
multi-enzyme system is controlled by an intricate feedback inhibition mechanism which 
prevents the further hydrolysis of cellulose at inhibitory concentrations of the breakdown 
product of each step (Sun and Cheng, 2002). Thus, all three of the cellulase enzymes, working 
in concert, are essential for the efficient breakdown of crystalline cellulose.  
 
The sugars liberated by the hydrolysis of cellulose and hemicellulose are mainly the hexose 
sugar glucose and pentose sugars xylose and arabinose, along with very small amounts of the 
hexose sugars galactose and mannose (Aristidou and Penttila, 2000).  
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1.5 Trichoderma reesei and cellobiohydrolase 1  
1.5.1 The organism and the enzyme 
Trichoderma reesei is a filamentous, wood-rotting fungus that secretes a set of cellulase 
enzymes capable of hydrolysing cellulose (Fagerstam et al., 1984; Hui et al., 2001; Imai et 
al., 1998; Klarskov et al., 1997). It is just one of many fungi and bacteria that produce such 
enzymes, but it is perhaps the most studied and best understood (Harjunpaa et al., 1999; 
Karlsson et al., 2002; Stahlberg et al., 1996). 
 
1.5.2 Structure of the cellobiohydrolase 1 enzyme 
Cellobiohydrolase 1 (CBH1) is an exocellulase from T. reesei. It consists of a single 
polypeptide chain of about 490 amino acids (Fagerstam et al., 1984) and has a C-terminal 
cellulose binding domain, and a core catalytic domain containing four potential glycosylation 
sites and two putative catalytic residues (Hui et al., 2001; Klarskov et al., 1997; Koivula et 
al., 1998; Stahlberg et al., 1996). Detailed information about the glycosylation pattern and the 
roles of the catalytic residues in the core catalytic domain are yet to be determined, but 
inhibition studies using (R,S)-3,4-Epoxybutyl β-cellobioside (Klarskov et al., 1997) have 
suggested that the glutamic acid residue at position 217 is the proton donor and the glutamic 
acid residue at position 212 is the nucleophile. These residues are situated on opposite sides of 
the β-1,4 glycosidic bonds in the catalytic tunnel (Klarskov et al., 1997).  
 
X-ray crystallography of this enzyme has been able to resolve the 3-dimensional structure of 
the catalytic domain where loops in the protein structure form a catalytic tunnel (Imai et al., 
1998; Karlsson et al., 2002; Koivula et al., 1998; Stahlberg et al., 1996) with the two catalytic 
residues being situated opposite each other (Klarskov et al., 1997; Kleywegt et al., 1997). 
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This 3-dimensional structure allows for effective operation of the double displacement 
mechanism that hydrolyses the β-1,4 glycosidic bond of the cellulose chain. 
 
1.6 Acidothermus cellulolyticus and endoglucanase 1  
1.6.1 The organism and the enzyme 
A. cellulolyticus is an aerobic, thermophilic, acidophilic bacterium that was isolated in 1985 
from wood samples taken from an acidic hot spring in Yellowstone National Park, Wyoming, 
USA (Mohagheghi et al., 1986; Sakon et al., 1996; Tucker et al., 1989). Like the fungus,  
T. reesei, it also produces a set of cellulase enzymes, the best known of which is 
Endoglucanase I (E1).  
 
1.6.2 Structure of endoglucanase 1 enzyme 
Endoglucanase 1 (E1) is an endocellulase from A. cellulolyticus. It is a 521 amino acid 
polypeptide, belonging to β-glycohydrolase family 5 (Sakon et al., 1996; Wang et al., 1993), 
consisting of a 358 amino acid N-terminal catalytic domain, joined to a 104 amino acid  
C-terminal cellulose binding domain, by a 60 amino acid linker rich in the residues proline, 
serine and threonine (Jin et al., 2003). The amino acid sequences of members of this family 
vary greatly but all are known to possess seven conserved residues (Wang et al., 1993) that 
are positioned close to one another in the active site of the enzyme (Sakon et al., 1996). The 
conserved residues are equivalent to Arg-62, His-116, Asn-161, Glu-162, His-238, Tyr-240 
and Glu-282 in the E1 catalytic domain (Sakon et al., 1996). The glutamine residue at 
position 282 has been identified as the nucleophile while the glutamic acid residue at position 
162 has been implicated as the proton donor (Sakon et al., 1996).  
 
 15 
X-ray crystallography of this enzyme has resolved the 3-dimensional structure of the catalytic 
domain to show an (α/β)8 barrel fold where loops in the protein structure, containing  
16-26 residues each, form the walls of a catalytic crevice, 9 Å wide, 30 Å long and 10 Å deep, 
running the length of the molecule (Sakon et al., 1996).  
 
1.7 Ex planta approaches to improving enzymatic degradation of lignocellulose 
1.7.1 Novel organisms and enzymes  
The economic expense of producing and purifying the enzymes involved in cellulose 
degradation has fuelled the search for novel organisms that produce large quantities of the 
necessary enzymes at relatively little expense, or enzymes with greater catalytic activity than 
those currently being used. It has been estimated that a ten-fold increase in the catalytic 
activity of the enzymes used for cellulose breakdown is required to reduce the cost of fuel 
ethanol to the economically competitive level of below US$1.07 per gallon (Himmel et al., 
1999). But as oil supplies dwindle and the price of petroleum based fuels continues to rise, the 
gap between the cost of petroleum-based fuels and ethanolic fuels will decrease, thus making 
ethanolic fuels an increasingly attractive solution.  
 
1.7.2 Site directed mutagenesis and directed evolution 
One approach to improving enzymatic degradation of cellulose that has been the subject of 
intensive research is the use of site directed mutagenesis to increase the catalytic activity of 
known cellulase enzymes. Studies have shown that for A. cellulolyticus “modifications to the 
active site of the E1 endoglucanase increase the end-point saccharification of pre-treated 
yellow poplar by 12% relative to wild-type E1” (Himmel et al., 1999). This shows that 
protein engineering strategies may be of use in increasing the catalytic activity of cellulase 
enzymes. Site directed mutagenesis may be the answer to tailoring cellulase enzymes that 
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function at different temperature and pH optima from those of their natural state which may 
assist in improving the economic viability of enzymatic conversion of lignocellulosic material 
(Schülein, 2000).  
 
Another approach along these lines is termed directed evolution and involves the generation 
of large numbers of mutants that are then assessed using high-throughput screening methods 
in order to determine the impact of changes in the protein structure on the enzyme’s catalytic 
activity (Arnold, 1998; Himmel et al., 1999). Directed evolution is a developing technology 
that utilises a variety of techniques including error-prone polymerase chain reaction (PCR), 
gene shuffling, site-saturation mutagenesis, and staggered extension process technology 
(Himmel et al., 1999). Unfortunately, there has been limited success to date with this 
approach with most improvements being associated with thermal tolerance of the enzymes 
(Percival Zhang et al., 2006).  
1.7.3 The importance of cellulose binding domains to catalytic activity 
Determination of the importance of the cellulose binding domain in the hydrolysis of 
crystalline cellulose is a contentious issue in the literature. Literature shows that there is 
substantial variation in the apparent importance of cellulose binding domains, perhaps linked 
to the source of the cellulase enzymes or the structure of the cellulose substrates used in the 
studies (Hall et al., 1995). It is important to note that the hydrolysis of crystalline cellulose 
differs from the hydrolysis of soluble forms of cellulose and attention must be given to which 
form of cellulose has been used in a particular study. An example of this is given in a study 
involving endoglucanase E from Pseudomonas fluorescens subsp. cellulosa, in which the  
full-length enzyme, and a truncated form lacking the cellulose binding domain, both showed 
similar activities against soluble cellulose, but the full-length form showed four times higher 
activity than the truncated form against crystalline cellulose (Hall et al., 1995).  
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Some studies show that supplementing hydrolysis reactions with additional free cellulose 
binding domains, along with intact cellulase enzyme, increases the amount of sugars liberated 
from crystalline cellulose (Lemos et al., 2003), suggesting that the cellulose binding domains 
play some role in the disruption of the crystalline structure of cellulose. However, it should be 
noted that incubation of crystalline cellulose with cellulose binding domains, in the absence of 
intact cellulase enzyme, did not result in the liberation of any sugars (Lemos et al., 2003). 
Contradictorily, there have been reports that isolated cellulose binding domains are capable of 
disrupting cellulose fibres and releasing small particles in the absence of any intact cellulase 
enzyme (Din et al., 1991) and others that have shown that the supplementation of hydrolysis 
reactions with additional free cellulose binding domains, along with intact enzyme, has no 
effect on the hydrolytic activity of the enzyme, and that the cellulose binding domains must 
be covalently linked to the core catalytic domain of the cellulase enzyme before they increase 
the catalytic activity of the cellulase enzyme (Carrard et al., 2000). 
Further research into the role cellulose binding domains play in the degradation of crystalline 
cellulose, using x-ray crystallography to visualise the interactions between the cellulose 
binding domain and the crystalline cellulose substrate, may help to improve understanding of 
the roles and importance of cellulose binding domains. It may be possible that the cellulose 
binding domains derived from different families of cellulase enzymes and different organisms 
have varying roles and levels of importance in the disruption and hydrolysis of crystalline 
cellulose which may explain the variation in results reported in previous studies.  
 
1.7.4 Simultaneous saccharification and fermentation using recombinant yeasts 
One approach to the enzymatic conversion of lignocellulosic material to ethanol that shows 
promise economically is simultaneous saccharification and fermentation using genetically 
modified strains of yeast (Den Haan et al., 2007; Mielenz, 2001). This approach allows the 
breakdown of the cellulose to simple sugars, and the fermentation of those sugars to ethanol, 
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to occur in a single vessel (Den Haan et al., 2007; Mielenz, 2001). This means that inhibition 
of the cellulase enzymes responsible for the initial hydrolysis of the cellulose, by the simple 
sugars liberated, is reduced (Cho et al., 1999; Sun and Cheng, 2002).  
 
Saccharomyces cerevisiae is the yeast most commonly used for this approach (Cho et al., 
1999), but the native organism is incapable of hydrolysing cellulose naturally and must 
therefore be transformed with the necessary genes encoding the cellulase enzymes. Because 
yeasts are eukaryotic organisms, like the fungus, T. reesei, from which the cellulase genes for 
this approach are most commonly derived, many of the problems often associated with 
heterologous gene expression, such as the presence of introns, are avoided. The one major 
drawback of the approach lies in the difficulty in obtaining stable, high copy number 
transformants that express, at high level, the multiple genes necessary for the  
three-enzyme-mediated efficient breakdown of cellulose (Cho et al., 1999).  
1.8 Plant transformation 
1.8.1 Plant transformation  
The in planta expression of cellulase enzymes has been a major research focus in recent 
years. It is hoped that by engineering plants to produce cellulase enzymes in their own 
residues, that can subsequently be used as the feedstock for ethanol production, the costs 
associated with the production of fuel ethanol from cellulosic biomass can be drastically 
reduced, thus making the product more economically viable (Austin-Phillips et al., 1999;  
Dai et al., 2000a,b; Dai et al., 2005; Jin et al., 2003; Ziegelhoffer et al., 1999; Ziegler et al., 
2000).  
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Plant transformation and tissue culture technology has developed significantly since its 
discovery and stable nuclear genetic transformation of many plants is now routine (Bogorad, 
2000). Plant transformation involves inserting a gene, or genes, of interest into the genome of 
a host plant. After integration with the host genome, the transgene is expressed thereby 
conferring qualities, such as insecticidal properties, that were not present in the untransformed 
host plant. The first method used was Agrobacterium tumefaciens-mediated transformation, 
then polyethylene glycol mediated transformation was developed, and now microprojectile 
bombardment is the most commonly used method for transforming plant material (Bogorad, 
2000). 
 
1.8.2 Agrobacterium-mediated transformation 
Agrobacterium-mediated transformation is based on the principle that the soil bacterium  
A. tumefaciens harbours a tumour inducing (Ti) plasmid that is capable of transferring 
deoxyribonucleic acid (DNA) to a foreign host’s genome. This section of foreign DNA is 
known as the transfer-DNA (t-DNA). In nature, the Ti plasmid induces the formation of 
crown galls after the transfer of the Ti plasmid DNA results in the secretion of phytohormones 
in the infected area. In biotechnology applications, A. tumefaciens strains have been 
developed to work using binary vectors where the strain continuously harbours one plasmid 
containing the virulence genes required for infection, and can be transformed with a second 
plasmid, containing the foreign gene inserted within t-DNA region. This binary system, 
although derived from the original Ti plasmid, lacks the phytohormone genes responsible for 
tumour growth (Schilperoort et al., 1990).  
 
Unfortunately, for nuclear transformation, the position at which the gene becomes inserted 
within the genome is random and thus expression levels of the inserted gene can vary widely 
between independent transformation events, even with identical promoter sequences, 
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depending upon the position at which the gene becomes inserted within the genome (Bogorad, 
2000; Daniell et al., 2001; van Bel et al., 2001). Further study on directing the position of 
transgene insertion may result in improved positioning of the foreign gene and therefore more 
precise and reliable expression levels. 
 
1.8.3 Microprojectile bombardment  
Microprojectile bombardment involves using a biolistic particle delivery gun (Figure 1.2) to 
shoot small gold or tungsten particles, coated with the DNA to be delivered, into the cells of 
the plant. Once inside the cell, the DNA dissolves off the particles and integrates with the 
genome of the plant through recombination (van Bel et al., 2001). This approach has the 
advantage of being suitable for both nuclear and chloroplast transformation as the particles 
can penetrate both the cell membrane and the chloroplast membrane.  
 
1.8.4 Problems with multiple genes and expression levels  
The problems associated with introducing a single gene into the nuclear genome of a plant are 
overcome by transforming a large number of plants and then selecting the plant that expresses 
the transgene at the desired level, but since most agronomically important traits are 
quantitative traits, controlled by several genes, the transformation and selection of the best 
transformant steps must be repeated for each gene that is to be inserted as it has been found 
that two genes inserted into the plant genome using a single t-DNA can be expressed to 
differing relative extents (Bogorad, 2000). This can lead to transgenic plants being produced 
that express the transgene at sub-optimal levels, which increases the risk of development of 
herbicide or insecticide resistant organisms (Daniell et al., 2001; van Bel et al., 2001). This 
approach can also lead to unreasonably lengthy development times for new cultivars. 
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Schematic diagram taken from PDS-1000 He System Product Information (http://www.bio-rad.com) 
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Figure 1.2 Biolistic particle delivery gun.  
1.9 In planta cellulase expression achievements 
1.9.1 Nuclear in planta expression of cellulase enzymes 
To date, the nuclear genomes of several plant species, including alfalfa, Arabidopsis thaliana, 
barley, corn, duckweed, potato, rice and tobacco, have been successfully transformed with 
genes encoding a variety of cellulase enzymes (Abdeev et al., 2003; Abdeev et al., 2004; 
Austin-Phillips et al., 1999; Biswas et al., 2006; Dai et al., 2000a,b; Dai et al., 2005; Jin et 
al., 2003; Kawazu et al., 1999; Sakka et al., 2000; Ziegelhoffer et al., 1999; Ziegelhoffer et 
al., 2001; Ziegler et al., 2000). The earliest published data on such transgenic plant material 
discusses the generation of cultured barley suspension cells that expressed E1 from T. reesei 
(Austin-Phillips et al., 1999). “However, no attempt was made to regenerate complete plants 
from the cultured cells” (Austin-Phillips et al., 1999) and “attempts to stably transform 
tobacco cells with the same construct used to successfully transform the suspended barley 
cells failed.” (Austin-Phillips et al., 1999). More recently, nuclear transformation technology 
has been combined with sub-cellular targeting to increase the overall protein accumulation in 
the host plant (Dai et al., 2000b; Dai et al., 2005; Jin et al., 2003; Ziegelhoffer et al., 2001; 
Ziegler et al., 2000).  
 
Although significant advances have been made towards increasing the overall protein 
accumulation in plants by utilising truncation and sub-cellular targeting, especially to the 
apoplast (Dai et al., 2005; Ziegelhoffer et al., 2001) or chloroplast (Dai et al., 2000a,b), 
expression levels of cellulase enzymes in most species are generally less than 2.6% of the 
total soluble protein (Biswas et al., 2006; Dai et al., 2000a,b; Dai et al., 2005; Ziegelhoffer  
et al., 1999; Ziegelhoffer et al., 2001; Ziegler et al., 2000). Only one study shows expression 
levels above 20% total soluble protein (Ziegler et al., 2000). Enzyme accumulation levels 
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such as these may not be adequate for the efficient breakdown of cellulosic biomass for fuel 
ethanol production. One avenue that may provide a solution is chloroplast transformation. 
This technique is known for its ability to provide very high expression and accumulation 
levels of foreign proteins in transformed plant material. One study has shown heterologous 
protein accumulation at levels of between 20 and 30% of total leaf protein (McBride et al., 
1994; Ziegler et al., 2000).  
 
1.10 The chloroplast genome and chloroplast expression 
1.10.1 Plastids and their genome structure 
Plants contain three separate genomes within each cell, the nuclear, the mitochondrial and the 
plastid (Bogorad, 2000). Plastids are a class of organelle that include the chlorophyll 
containing chloroplasts, yellow, orange or red carotenoid-containing chromoplasts, starch 
storing amyloplasts, oil-containing elaioplasts, plastid precursors known as proplastids and 
partially developed, chlorophyll-lacking, chloroplasts known as etioplasts (Bogorad, 2000; 
Heifetz and Tuttle, 2001). Chloroplasts have been selected as a target for genetic 
transformation due to their extremely high rates of transcription and translation, a desirable 
situation for the accumulation of large amounts of gene products (Heifetz and Tuttle, 2001). 
 
The genome of the plastid organelles is small, circular and many of its genes are arranged in, 
and transcribed as, operons, rather like bacteria (Heifetz and Tuttle, 2001; Maliga, 2002). 
Operons are groups of genes, all under one promoter, that are transcribed as a single 
polycistronic messenger ribonucleic acid (mRNA) molecule. Translation of this molecule 
results in the production of individual proteins. This method of gene expression presents the 
advantage of being able to insert several genes under one promoter in a single transformation 
event (Bogorad, 2000; Daniell et al., 2001; Daniell et al., 2002; Maliga, 2002). This opens up 
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the possibility of insertion of all three major cellulase enzyme types into the plant in a single 
transformation event. 
 
Another advantage of plastid transformation is that the DNA becomes integrated into the 
genome by homologous recombination, meaning that the exact position of insertion of the 
foreign gene or genes can be controlled by the plastid-derived border sequences that are 
included around the insert DNA and positional effects on expression levels can be controlled 
(Daniell et al., 2001; Heifetz and Tuttle, 2001; van Bel et al., 2001). The complete chloroplast 
genomic sequence for Nicotiana tabacum has been elucidated (Figure 1.3) and vectors with 
appropriate homologous recombination borders have been developed to facilitate insertion of 
foreign DNA into various sites within the genome.  
 
1.10.2 Alternatives to microprojectile bombardment for chloroplast transformation 
Two other methods for chloroplast transformation have been developed in addition to 
microprojectile bombardment; a polyethylene glycol mediated method and a direct in situ 
injection method. The polyethylene glycol mediated method involves the production of a 
culture of protoplasts, plant cells that have had their cell walls chemically dissolved, and 
subsequent exposure of these protoplasts to a solution of polyethylene glycol and the DNA to 
be delivered (Koop et al., 1996). The vectors used to deliver the DNA are identical to those 
used in microprojectile bombardment, with the transgene being bordered by chloroplast 
sequences to facilitate homologous recombination with the chloroplast genome. This 
technique is less expensive and has the potential to create large numbers of cells with 
transformed chloroplasts more effectively than the microprojectile bombardment method, but 
the difficulty in regenerating fertile whole plants from the protoplasts is an unfortunate 
drawback of this approach (Daniell et al., 2002; Heifetz and Tuttle, 2001). 
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Figure 1.3 Tobacco chloroplast genome.  (Yukawa et al., 2005) 
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 The direct in situ injection method of transformation is achieved using the galinstan 
expansion femtosyringe (Daniell et al., 2002; Heifetz and Tuttle, 2001; Knoblauch et al., 
1999; van Bel et al., 2001). This method involves delivering tiny volumes of DNA in 
solution, femtolitres or attolitres, directly into the chloroplast, where it can recombine with the 
chloroplast genome. The femtosyringe works by using heat to expand the galinstan alloy, 
much like a thermometer, thereby delivering a set volume of DNA in solution (Heifetz and 
Tuttle, 2001; Knoblauch et al., 1999; van Bel et al., 2001). This method is very time 
consuming and is therefore not viable for large-scale transformation projects involving the 
regeneration of thousands of plants.  
 
1.10.3 Advantages and disadvantages of chloroplast transformation over nuclear 
transformation 
One of the main advantages of expressing foreign genes in chloroplasts is the effective 
compartmentalisation of the gene products due to the lack of export through the chloroplast 
double membrane (Daniell et al., 2002). Chloroplasts also possess different biochemical 
pathways and environments from the cytoplasm, meaning it is possible to produce and store 
certain proteins and enzymes that would normally be degraded in the cytoplasm (Bogorad, 
2000).  
 
Due to the huge numbers of chloroplasts in plant material, very high expression levels may be 
achieved (Kota et al., 1999; McBride et al., 1995). There are between ten and one hundred 
chloroplasts within each cell and between ten and one hundred copies of the chloroplast 
genome within each chloroplast. This gives a copy number of between one hundred and ten 
thousand genes per plant cell (Daniell et al., 2002). In an experiment using microprojectile 
bombardment to transform the chloroplast chromosomes of tobacco leaf tissue with the 
Bacillus thuringiensis lepidopteran protoxin, expression resulted in two to three percent of 
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soluble leaf protein (McBride et al., 1995). It was suggested that the reason for such high 
expression levels was copy number of the gene encoding the toxin (Bogorad, 2000; McBride 
et al., 1995). A later study found that by incorporating the heterologous translation control 
signals for the Bacillus thuringiensis cry2Aa2 operon, along with the heterologous coding 
region, total soluble protein yields could be increased even further (Kota et al., 1999). 
 
Another advantage of expressing foreign genes in the plastids is the lowered risk of gene 
escape to wild relatives (Heifetz and Tuttle, 2001; Maliga, 2002; Scott and Wilkinson, 1999). 
Chloroplast DNA of gymnosperm plants is maintained and inherited through the sperm cells, 
but chloroplast DNA of angiosperm plants is inherited maternally, through the embryo and 
the seed, not the pollen (Daniell et al., 2001; Heifetz and Tuttle, 2001). Since most 
prospective hosts for plastid transformation are angiosperms, and most pollen grain plastids 
lose their DNA during pollen maturation (van Bel et al., 2001), this lowers the risk of the 
foreign gene escaping to wild relatives of the transformed plant via pollen (Bogorad, 2000; 
Heifetz and Tuttle, 2001).  
 
There have been reports that there is some possibility of gene transfer from the chloroplast to 
the nucleus where it could be included in the pollen produced by the plant (Huang et al., 
2003; Maliga, 2002). The risk is real, but the occurrence is very low, about 1 in 16000 pollen 
grains (Huang et al., 2003), and the transgenic pollen would also have to compete in the wild 
with native pollen for fertilisation of the embryo, an aspect not incorporated in the studies.   
 
A disadvantage of plastid transformation is the difficulty in achieving homogeneity in the 
chloroplast population (Bogorad, 2000). With any of the transformation methods, it is almost 
certain that some of the chloroplasts will become transformed, while others will not. This 
results in a heterogeneous population of chloroplasts. The desired situation is called 
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homoplasmy, where all the chloroplasts of a cell have exactly the same genome. At present, 
this is achieved using ‘repeated selection from transformed tissues in culture, when possible, 
followed by regenerating plants.” (Bogorad, 2000), but this is not possible with all plant 
species. Methods to ensure the maintenance and selection of the transgenic chloroplasts over 
the wild-type chloroplasts are being investigated. Such methods include fusion to 
metabolically essential proteins, or temporarily reducing the number of chloroplasts in the cell 
to one along with reduction of the number of chromosomes in each chloroplast to about ten 
instead of sixty (Bogorad, 2000). Some of the major advantages and disadvantages of both 
nuclear and plastid transformation are outlined in a table modified from Daniell et al. (2002) 
(Table 1.2).  
 
1.10.4 Phasing out antibiotic resistance genes 
Nearly all transformations include an antibiotic resistance gene along with the gene of interest 
in order to allow for positive selection of transformants from non-transformants through 
growth on antibiotic containing media (Daniell et al., 2001; Daniell et al., 2002; Maliga, 
2002). Over the past few years, concern over the development of antibiotic resistance in wild 
populations of organisms, especially bacteria, has increased, and scientists have been urged to 
look for alternative means of selecting transformants (Daniell et al., 2001; Daniell et al., 
2002; Maliga, 2002). Also, it has been hypothesised that the presence of antibiotic resistance 
gene products in genetically modified (GM) crops used for human consumption could lead to 
the inactivation of oral doses of antibiotics used for clinical treatment (Daniell et al., 2001). 
Some countries, such as Germany, have completely banned the release of GM crops 
containing antibiotic resistance genes (Daniell et al., 2001). 
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Table 1.2 Comparison of chloroplast and nuclear genetic engineering. (Daniell et al., 2002) 
Transgenic Chloroplast genome Nuclear genome 
Transgene copy number 10-100 plastid genome copies per 
plastid, 10-100 plastids per cell,  
100-10 000 copies per cell 
Species specific but generally 2 
copies of each chromosome per cell, 
relatively few copies 
Level of gene expression Polyploidy results in abundant 
transcription and accumulation of 
foreign protein  
(up to 47% total soluble protein) 
Gene regulation determines 
transcription rates and accumulation 
of foreign protein, often a problem 
Gene arrangement and 
transcription 
Often arranged in operons, transcribed 
as polycistronic mRNA meaning 
multiple genes can be inserted 
together and expressed together 
Each transgene is inserted 
independently into the chromosome 
and transcribed monocistronically  
Position effect Site-specific insertion through 
homologous recombination can 
eliminate position effects 
Random insertion position results in 
variable expression levels 
Gene silencing Not reported Both transcriptional and post-
transcriptional, resulting in decrease 
or elimination of expression 
Gene containment  Lowered risk due to limited migration 
of chloroplast genes to nucleus* and 
maternal inheritance 
Paternal inheritance results in gene 
escape to wild relatives through 
pollen 
Folding and disulfide 
bond formation 
Disulfide bonds formed and human 
proteins folded correctly, ideal site for 
edible vaccines, pharmaceuticals and 
‘plantibodies’  
Proteins must be targeted to the 
endoplasmic reticulum for disulfide 
bridge formation. 
Toxicity of foreign 
proteins 
Adverse effects of toxic proteins 
minimised by compartmentalisation 
within the chloroplast 
Toxic proteins accumulating in the 
cytoplasm may result in serious 
pleiotropic effects 
Transgenic lines Uniform gene expression Highly variable gene expression 
Homogeneity at ploidy 
level 
Transgenic lines mostly homoplasmic, 
achieved by repetitive selection and 
regeneration 
Transgenic lines are either 
heterozygous or homozygous, 
homozygosity is achieved either by 
selfing or crossing 
* Data updated from recent publication by Huang et al., 2003. 
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 One promising approach to antibiotic-resistance-free chloroplast engineering is the inclusion 
of the spinach betaine aldehyde dehydrogenase (BADH) gene as a selectable marker (Daniell 
et al., 2001; Daniell et al., 2002; Maliga, 2002). This gene facilitates the conversion of toxic 
betaine aldehyde to non-toxic glycine betaine, a chemical that naturally serves as an 
osmoprotectant. Selection for transformants is achieved by regeneration on media containing 
betaine aldehyde. This method has been shown to allow for the regeneration of many more 
shoots per leaf disc than the spectinomycin/streptomycin resistance method resulting from the 
inclusion of the aadA gene (Daniell et al., 2001; Daniell et al., 2002) which is currently the 
most common method used in plastid transformation studies. 
 
 31 
1.11  Overview 
Cellulose is the most abundant biopolymer on Earth (Bayer et al., 1998; Karlsson et al., 2002; 
Kleywegt et al., 1997) and disposal of waste cellulose poses a significant problem, especially 
for farmers (Kirkby, 2001; Vlasenko et al., 1997). The bonds in this chemically simple but 
structurally complex substance constitute an enormous deposit of stored energy that can be 
exploited to produce fuel ethanol, but it is currently largely under-utilised due to the costs 
involved in its processing (Bhat, 2000; Wheals et al., 1999) and the relative abundance of 
petroleum-based fuels. However, in light of the dwindling supplies of such resources, 
renewable alternatives are being sought (Karlsson et al., 2002).  
 
Cellulose is an insoluble, linear, high molecular weight, crystalline sugar polymer formed by 
the enzymatic polymerisation of β-D-glucopyranosyl molecules to give a chain linked by  
β-1,4 glycosidic bonds (Harjunpaa et al., 1999; Koivula et al., 1998). Because of its extreme 
resistance to degradation, nature has developed an arsenal of enzymes capable of degrading 
this biopolymer (Kleywegt et al., 1997). These are the glycoside hydrolase family, or 
cellulase enzymes, and include three main classes. Endocellulases attack the bonds at random 
sites along the cellulose chain (Fagerstam et al., 1984; Harjunpaa et al., 1999; Himmel et al., 
1999), exocellulases liberate cellobiose molecules from the free ends created by the 
endocellulases (Aristidou and Penttila, 2000; Fagerstam et al., 1984; Imai et al., 1998; 
Koivula et al., 1998; Stahlberg et al., 1996), and β-glucanases split the cellobiose molecules 
to liberate glucose and other simple sugars that can be subsequently fermented to produce 
ethanol (Fagerstam et al., 1984). Despite their different modes of action, all the cellulases 
cleave the same β-1,4 glycosidic bond (Bayer et al., 1998) and all are required to work 
synergistically to effectively degrade cellulose to its monomeric constituents (Harjunpaa et 
al., 1999; Himmel et al., 1999; Hui et al., 2001).  
 
 32 
The use of ethanol as a fuel dates back to at least 1908 in the United States (DiPardo, 2002) 
and ethanolic fuels are currently used in several countries including Brazil, the United States, 
Canada and Sweden (Wheals et al., 1999). The burning of ethanol fuel results in lower net 
carbon dioxide, nitrogen oxide, hydrocarbon and carbon monoxide emissions, and therefore 
contributes less to air pollution and greenhouse gas formation (Canadian Renewable Fuels 
Association website, 2003; DiPardo, 2002; Wheals et al., 1999).  
 
The current means of fuel ethanol production is through the saccharification of starches or 
extraction of sugars from crops, especially corn, subsequent fermentation of the sugars by 
yeast, and separation of the ethanol by distillation (Burrow, 2007; Wheals et al., 1999). This 
approach to fuel ethanol production is not economically viable as corn and sugar cane feed 
stocks are expensive and also pose a significant food versus fuel conflict (Burrow, 2007; 
DiPardo, 2002). A low-cost alternative to these feed stocks is lignocellulosic biomass but the 
enzymes or chemicals required for its utilisation are either prohibitively expensive or 
environmentally undesirable (Mielenz, 2001).  
 
Extensive research into enzyme-induced bio-conversion of lignocellulose to soluble sugars 
has been conducted and research continues in this area. Several approaches have been taken to 
attempt to alleviate the economic problems associated with utilisation of lignocellulose in fuel 
ethanol production. Novel organisms such as the yeasts being developed for simultaneous 
saccharification and fermentation (Mielenz, 2001), novel enzymes, developed through protein 
engineering or directed evolution (Arnold, 1998; Himmel et al., 1999), and inexpensive 
means of enzyme production, have been investigated (Austin-Phillips et al., 1999; Kawazu et 
al., 1999; Sakka et al., 2000).  
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One major approach currently being investigated is the expression of cellulase genes in 
agricultural residues. This approach is aimed at reducing or even eliminating the need for 
exogenous cellulase application, thereby reducing the overall cost of enzyme-mediated 
hydrolysis of cellulose to its soluble sugar monomers. Some accomplishments have been 
made in this area using nuclear genetic transformation (Abdeev et al., 2003; Abdeev et al., 
2004; Austin-Phillips et al., 1999; Biswas et al., 2006; Dai et al., 2000a,b; Dai et al., 2005; 
Jin et al., 2003; Kawazu et al., 1999; Sakka et al., 2000; Ziegelhoffer et al., 1999; 
Ziegelhoffer et al., 2001; Ziegler et al., 2000), but more research is required to bring the 
levels of cellulase enzyme expression in plants to levels that will make the process 
economically competitive with petroleum, and viable on the scale that is being proposed.  
 
Chloroplasts have been selected as a target for transformation for high level expression due to 
their extremely high rates of transcription and translation (Heifetz and Tuttle, 2001), and 
prokaryotic like genome, that allows for the insertion of multiple genes, under one strong 
promoter, in a single transformation event (Bogorad, 2000; Daniell et al., 2001; Daniell et al., 
2002; Maliga, 2002). This opens up the possibility of insertion of all three major cellulase 
type enzyme genes into the plant in a single transformation event.  If successful, high-level 
expression of cellulase enzymes in plants can be achieved, then some of the pre-treatment 
costs involved in ethanol production from lignocellulosic biomass will be eliminated. This 
will bring us closer to the ultimate goal of producing an economically competitive, clean fuel 
from renewable resources. 
 
1.12 Significance and aims of project 
The aim of this project was to attempt to provide a solution to crop residue disposal through 
utilisation of this resource firstly as a bioreactor to produce and accumulate cellulase enzymes 
and subsequently as a feedstock for fuel ethanol production. Much of the input required to 
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grow a crop is tied up in the residue, which has traditionally been disposed of by burning. By 
expressing cellulase enzymes in these residues of broad acre crops, the cellulose content can 
be rapidly broken down into simple sugars. This process can be allowed to occur in the field, 
provided the temperature optimum of the cellulase is suitable, or alternatively the residues can 
be harvested after the crop, and the sugars fermented off-site, to produce ethanol. This latter 
approach has been the focus of a great deal of attention in relation to cost-effective, 
environmentally friendly means of producing fuel ethanol.  
 
Ultimately this work was designed to determine if it was possible to express cellulase genes in 
planta using the chloroplast genome of the heterologous host N. tabacum.  Two cellulases, the 
exocellulase CBH1 from T. reesei, and the endocellulase E1 from A. cellulolyticus, were 
selected for investigation of expression in chloroplasts as they are the most widely studied and 
available cellulases for bioconversion of lignocellulose to ethanol in transgenic plants. Further 
aims included the investigation of the effects of using different promoters, and the novel use 
of both nuclear and chloroplast-based expression in a single plant, on the level of protein 
production in the heterologous host. In this thesis, Chapter 3 describes the attempts to express 
the cbh1 gene, from the fungus T. reesei, in the chloroplasts of N. tabacum. Chapter 4 
presents work related to bacterial expression studies of the cbh1 gene. Chapter 5 describes the 
successful expression of the e1 gene, from the thermotolerant bacterium A. cellulolyticus in 
the chloroplasts of N. tabacum and subsequent analysis of the protein and activity levels. 
Chapter 6 describes the generation of the nuclear-chloroplast dual-transgenic plants and the 
success of combining the two techniques to increase the overall protein production. A general 
discussion of the overall outcomes and proposed future directions is provided in Chapter 7.   
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2 Materials and Methods 
 
2.1 Bacterial Strains 
The Escherichia coli strains used in general cloning procedures were  
DH5a [F- φ80lacZΔM15 Δ(lacZYA-argF)U169 recA1 endA1 hsdR17(rk-, mk+) phoA supE44 
λ- thi-1 gyrA96 relA1 λ-] (Invitrogen), and SURE [e14– (McrA–) D(mcrCB-hsdSMR-mrr)171 
endA1 supE44 thi-1 gyrA96 relA1 lac recB recJ sbcC umuC::Tn5 (Kanr) uvrC [F' proAB 
lacIqZDM15 Tn10 (Tetr)] (Strategene)  
 
The E. coli strain BL-21(DE3) pLysS [E. coli B F- dcm ompT hsdS(rB- mB-) gal λ(DE3) 
(pLysS Camr)] (Stratagene) was used for bacterial protein expression studies. 
 
The A. tumefaciens strain used for the nuclear transformation of N. tabacum was AGL-0. 
 
2.2 Cloning Vectors 
The cloning vector pGEM-T Easy (Promega) was used throughout this project for the direct 
cloning of PCR products. The vectors BCKS (Stratagene) and pUC18 (New England Biolabs) 
were also used as cloning vectors throughout this project.  
 
2.3 Primer Design and Synthesis 
Oligonucleotide primers were designed according to published sequence data and synthesised, 
using phosphoramidite chemistry, by GeneWorks, before being supplied in a lyophilised 
form. Primers designed to introduce restriction endonuclease (RE) recognition sequences to 
the amplified product had three extra random bases added to the 5’ ends to facilitate effective 
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binding of the REs during digestion reactions. The oligonucleotides were resuspended in 
sterile deionised water to give a stock concentration of 100 picomoles (pmol)/microliter (μL). 
Aliquots were further diluted to 10 pmol/μL before use. All oligonucleotides were stored at 
4˚C. 
 
2.4 Polymerase Chain Reaction 
PCR products were amplified using a ThermoHybaid PCR Express machine, with the 
following general cycling protocol: 1 cycle of 95°C for 1 minute (min) followed by 25 cycles 
95°C for 30 seconds (s): denaturing; 45 - 60°C for 30 s: primer annealing; and 72°C for  
3 min: extension. Unless otherwise stated, standard amplification reactions contained  
0.1 – 1 microgram (μg) template DNA, 10 pmol of each primer, forward (5’) and reverse (3’) 
(GeneWorks), 1 x PCR reaction buffer (200 millimolar (mM) 
tris(hydroxymethyl)aminomethane (Tris)-HCl pH 8.4, 500 mM KCl) (Invitrogen), 1.5 mM 
magnesium chloride (Invitrogen), 50 micromoles (μmol) of each of deoxynucleotide 
triphosphate (dNTP) (adenine (A), cytosine (C), guanine (G), thymine (T)) (Amersham 
Pharmacia Biotech), and 0.5 unit (U) of recombinant Thermus aquaticus (Taq) DNA 
polymerase (Invitrogen). Reaction volumes were made up to 50 μL with sterile deionised 
water. PCR products were stored at 4°C.  
 
An alternate PCR method, for the screening of bacteria for desired transformations, used 
either a 1 μL sample of Luria Bertani (LB) broth culture or a straight wire touch sample of 
cells from a colony as the template in place of a 0.1 – 1 μg small-scale plasmid DNA isolation 
(miniprep) sample. 
 
 37 
2.5 Gel Electrophoresis 
Gel electrophoresis was used to visualise and separate DNA products. Generally, 6 μL of 
DNA products were loaded with 2 μL of bromphenol blue loading dye (Appendix 2) to         
1% (weight/volume) (w/v) agarose electrophoresis gels (Appendix 2). Unless otherwise 
stated, electrophoresis was carried out with 1 x Tris-borate-ethylenediaminetetra-acetic acid, 
(EDTA), (TBE) (Appendix 2) as running buffer and a constant current of 100 volts (V).  
Gels were stained after running by immersion in dilute ethidium bromide solution. The size of 
DNA fragments was determined by comparison with a 1 nucleotide kilobase pair (kb) DNA 
Ladder, GeneRuler, (MBI Fermentas) (Appendix 4) that was run in one of the lanes of the gel. 
DNA fragments and PCR products were visualised after gel electrophoresis and ethidium 
bromide staining using ultraviolet (UV) light and the BioRad GelDoc apparatus. 
 
2.6 Restriction Endonuclease Digestion 
RE enzymes were obtained from a variety of manufacturers and used according to appropriate 
protocols. 
 
RE enzymes were used to create complimentary asymmetrical ends, to facilitate the 
directional transfer of DNA fragments from one vector to the next in the cloning steps 
involved in the construction of expression vectors. Typical 30 μL reactions consisted of  
0.3 – 1.0 μg of the plasmid DNA, 3 U of each RE, the appropriate 1x NE Buffer and sterile 
distilled water. Reactions were incubated according to manufacturers’ instructions for 2 hours 
(h), and digestion products analysed using gel electrophoresis. If the resulting products were 
to be used in ligation reactions, they were cleaned using the QIAquick Gel Extraction Kit, 
enzymatic reaction cleanup protocol (Qiagen), and eluted with sterile distilled water. 
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2.7 Ligation 
Ligation reactions were used to anneal complimentary ends of insert and vector DNA. 
Reactions contained 1 x ligation buffer (250 mM Tris-HCl, pH 7.6, 50 mM MgCl2, 5 mM 
ATP, 5 mM Dithiothreitol (DTT), 25 % polyethylene glycol-8000) (Invitrogen), 5 U of T4 
DNA ligase (Invitrogen), 12 - 50 nanograms (ng) DNA, and sterile deionised water to make 
up the volume of the reaction. Reactions were incubated at 25°C for at least 2 h. 
 
2.8 General Cloning Protocol 
Plasmid preparations were mixed in a 1:1 molar ratio and digested with appropriate REs to 
excise the desired fragments, and facilitate the directional insertion of those fragments into the 
next plasmid. Digest products were cleaned using the Qiaquick Gel Extraction Kit, enzymatic 
reaction cleanup protocol, and ligated, before being electroporated into E. coli SURE cells. 
Colonies were screened by plasmid DNA isolation, RE digestion, and gel electrophoresis to 
confirm the presence of the appropriate plasmid and insert. 
 
2.9 Preparation of Electrocompetent Bacterial Cells and Electroporation 
Electrocompetent E. coli DH5α, BL-21 and SURE cells were prepared as described by 
Sambrook et al. (1989). 
 
Electrocompetent E. coli cells were transformed with plasmid vectors using electroporation 
(Sambrook et al., 1989). Frozen 60 μL competent cell aliquots, 3.5 x 109 colony forming units 
(CFU)/millilitre (mL), were thawed on ice and 1.5 ng of ligated DNA was added and mixed 
gently before being left to stand on ice for 1 min. This mixture was transferred to a chilled     
2 mm electroporation cuvette (Bio-Rad) and subjected to one pulse in a Bio-Rad Gene Pulser 
at 25 microFaradays (μF), 200 ohms (Ω), and 2.0 kilovolts (kV). The suspension was 
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immediately transferred to 1 mL SOC medium (Appendix 2) and mixed gently before being 
incubated at 37°C for    1 h with shaking at 220 revolutions per minute (rpm). Aliquots of  
100 μL were spread plated onto LB agar plates (Appendix 2) supplemented with appropriate 
antibiotics and incubated at 37°C for 18 h.  
 
To facilitate blue white screening, if required, plates were prepared prior to electroporation by 
the spreading of 10 μL of 0.02 μg/μL isopropyl-β-D-thiogalactopyranoside (IPTG) and 20 μL 
of 50 μg/μL 5-bromo-4-chloro-3-indonyl-β-D-galactopyranoside (X-gal). 
 
2.10 Plasmid DNA Isolation 
Plasmid DNA was isolated from LB broth cultures of transformed E. coli cells using the 
alkaline lysis method (Sambrook et al., 1989). Plasmid preparations to be used for sequencing 
reactions and biolistic transformations were prepared using the QIAprep Spin Miniprep Kit 
(Qiagen) according to manufacturer’s instructions and air dried in a laminar flow cabinet to 
increase the DNA concentration if necessary. 
 
2.11 Sequencing 
Sequencing reactions were carried out on plasmid preparations obtained using the QIAprep 
Spin Miniprep Kit (Qiagen) and ABI Big Dye terminator v3.1. Template DNA for sequencing 
was sent to AgGenomics DNA Sequencing Facility for automated sequencing using the ABI 
3730xl DNA Analyser capillary electrophoresis sequencing system. 
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2.12 Site Directed Mutagenesis 
The QuickChange II Site-Directed Mutagenesis Kit (Stratagene) was used to introduce point 
mutations in supplied genes that eliminated unwanted RE recognition sequences, while 
retaining translational fidelity.  
 
2.13 Plant Material and Tissue Culture 
All manipulations of plant material were performed under aseptic conditions in a laminar flow 
cabinet. N. tabacum cultivar (cv.) Petit Havana seeds were surface sterilised by soaking in a 
solution of 2.6% sodium hypochlorite and 0.1% Tween 20, for 15 min, followed by 3 rinses 
of 15 min each, in sterile H2O. Seeds were germinated on Murashige and Skoog (MS) 
medium (Appendix 2) and grown in a constant temperature growth room at 25˚C with a 
photoperiod of 10 h. All plant tissue culture lines were maintained in Magenta™ containers 
(Sigma) by subculture of cuttings to fresh MS medium every 8 weeks. 
 
2.14 Microprojectile Bombardment Transformation of N. tabacum Chloroplasts 
N. tabacum cv. Petit Havana leaf tissue was transformed by microprojectile bombardment 
using the Bio-Rad PDS-1000He Biolistic Particle Delivery System according to a modified 
protocol described by Schaaf (Schaaf D – adapted from Maliga et al., 1993).  
 
Bio-Rad 0.6 μm gold particles were coated in miniprep DNA, at 1 μg/μL, of the desired 
chloroplast homology vector construct. These were delivered into the abaxial surface of 
tobacco leaf tissue using 1100 pounds per square inch (psi) rupture disks, with the cassette 
placed in level one and the sample placed in level 5 of the particle gun. The tissue was 
incubated in a deep petri dish containing MS-Regeneration medium (Appendix 2) in a 
constant temperature growth room at 25˚C with a photoperiod of 8 h for 2 d, after which the 
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leaves were dissected into approximately 2 mm2 pieces and transferred to MS-Regeneration 
and Selection medium (Appendix 2). Tissue was transferred to fresh medium every 2 weeks 
and any regenerating tissue was isolated as it appeared. 
 
2.15 Plant DNA Extraction 
Total plant DNA was isolated from plant material using the DNeasy Plant Mini Kit and 
protocol from Qiagen. 
 
2.16 Transformation and Culture of Agrobacterium tumefaciens 
A. tumefaciens AGL-0 cells were transformed with the plasmid pCGN4026 by 
electroporation. The suspension was immediately transferred to 2 mL MGL medium 
(Appendix 2) and mixed gently before being incubated at 28°C for 6 h with shaking. Aliquots 
of 100 μL and 20 μL were spread plated onto MGL agar plates (Appendix 2) supplemented 
with 30 μg/mL Rifampicin and 30 μg/mL Gentamycin and incubated at 28°C for 48 h.  
 
The presence of the pCGN4026 plasmid in resulting colonies was confirmed by toothpick 
PCR, using primers specific for the T7 RNA polymerase (RNAP) gene, and gel 
electrophoresis.  
 
A 25 mL MGL broth culture was inoculated with a single colony of A. tumefaciens 
harbouring the AGL-0 (pCGN4026) binary vector, and incubated at 30°C for 18 h with 
shaking. Cells were pelleted by centrifugation at 6000 rpm for 10 min, and resuspended in MS 
liquid medium (Appendix 2) to an optical density (O.D.)600 of approximately 1.0. 
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2.17 Agrobacterium-mediated Nuclear Transformation of N. tabacum  
Fully expanded N. tabacum cv. Petit Havana leaves were removed from stock plants and cut 
into approximately 3 millimetre (mm) square pieces. These pieces were soaked in the  
A. tumefaciens AGL-0 (pCGN4026) suspension for 15 min at room temperature. The leaf 
pieces were blotted briefly on sterile paper towel to remove excess culture before being 
placed on MS-Regeneration medium (Appendix 2) and incubated in a constant temperature 
growth room at 25˚C with a photoperiod of 10 h for 2 d, after which the pieces were 
transferred to MS-Regeneration and Selection medium supplemented with 200 μg/mL 
Kanamycin to select for transgenic shoots and 150 μg/mL Cefotaxime to eradicate residual  
A. tumefaciens. 
 
2.18 Southern Blotting 
2.18.1 RE digestion, electrophoresis and capillary transfer 
Genomic DNA, isolated from transgenic N. tabacum cv. Petit Havana plants, was digested for 
18 h with an appropriate RE, in the presence of 1 mM spermidine. Digested DNA was 
electrophoresed at 30 V through a 1% (w/v) agarose electrophoresis gel in 1x Tris-Acetate-
EDTA (TAE) running buffer (Appendix 2). The DNA was briefly stained by immersion in a 
bath of ethidium bromide solution and de-stained in water before the DNA was visualised 
using the BioRad GelDoc apparatus. The gel was then soaked, with gentle agitation, in 
depurination solution (Appendix 2) for 15 min, denaturation solution (Appendix 2) for  
30 min, and neutralisation solution (Appendix 2) for 30 min before blotting onto a  
Hybond-N+ membrane via overnight upward capillary transfer using 20x SSC buffer 
(Appendix 2). Nucleic acid was crosslinked to the membrane after transfer by baking at 80˚C 
for 2h. Membranes were stored dry at room temperature until required. 
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2.18.2 Preparation of Digoxigenin-labelled probe 
A 510 nucleotide base pair (bp) DNA fragment corresponding to one of the flanking 
sequences in the chloroplast homology vector was amplified and labelled with digoxigenin by 
PCR, using the PCR digoxigenin (DIG) Probe Synthesis Kit and protocol (Roche). Successful 
amplification and labelling was assessed by gel electrophoresis. 
 
2.18.3 Calculation of optimum hybridisation temperature for the synthesised probe 
The optimum hybridisation temperature for the probe was calculated according to the 
equations Tm = 49.82 + 0.41(% G + C) – (600/l), where l is the length of the probe in bp, and 
Topt = Tm – (20 – 25˚C).  
For the probe used Tm = 49.82 + 0.41(33.7) – (600/510) = 62˚C. 
Topt = 62.46˚C – (20 – 25˚C) = 42˚C – 37˚C. 
 
2.18.4 Hybridisation and development of Southern blot 
Membranes were sealed into a hybridisation bag and pre-hybridised at 37˚C in 30 mL of  
pre-heated DIG Easy Hyb Buffer, with gentle agitation for 30 min. During this time, 5 – 25 ng 
of labelled probe was denatured by heating in a thermal block to 99˚C for 5 min and then 
chilling rapidly in iced water. The denatured probe was added to 20 mL of pre-heated DIG 
Easy Hyb Buffer, and mixed gently but thoroughly. The pre-hybridisation solution was 
poured off and the hybridisation solution added. This was left to incubate with gentle agitation 
for at least 18 h after which the hybridisation solution was poured off. The membrane was 
washed twice in Low Stringency Washing Solution (Appendix 2) at room temperature, before 
being washed twice in High Stringency Washing Solution (Appendix 2) at 65˚C. The 
membrane was then removed from the hybridisation bag and placed in a shallow plastic 
container. The membrane was subjected to the following steps, all conducted at room 
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temperature with gentle agitation: 150 mL Washing Buffer (Appendix 2) for 2 min, Washing 
Buffer poured off, 150 mL Blocking Solution (Appendix 2) for 30 min, Blocking Solution 
poured off, 30 mL Anti-Digoxigenin-AP diluted 1:5000 in Blocking Solution for 30 min, 
Anti-Digoxigenin-AP in Blocking Solution poured off, 150 mL Washing Buffer for 15 min, 
Washing Buffer poured off, 150 mL Washing Buffer for 15 min, Washing Buffer poured off, 
30 mL Detection Buffer (Appendix 2) for 3 min, Detection Buffer poured off. A 1:50 dilution 
of the NBT/BCIP stock solution in detection buffer was then poured directly onto the 
membrane and this was left to develop in the dark for 16 h. The colour reaction was then 
stopped by rinsing the membrane in Tris-EDTA (TE) Buffer (Appendix 2) and it was trimmed 
and sealed into a plastic bag for imaging.  
 
2.19 Plant RNA Extraction 
Total plant RNA was isolated from plant material using the RNeasy Plant Mini Kit and 
protocol from Qiagen. The optional on-column DNase digestion protocol was followed to 
eliminate any possible DNA contamination the RNA samples. DNA contamination could lead 
to a false positive result in subsequent reactions. 
 
2.20 Reverse-Transcriptase PCR 
To confirm transcription of the inserted gene, reverse-transcriptase PCR (RT-PCR) was 
carried out on the total RNA samples prepared using the RNeasy Plant Mini Kit or the 
RNeasy Mini Kit. The first strand complimentary DNA (cDNA) synthesis reaction was 
performed using a ThermoHybaid PCR Express machine. Standard reactions contained an 
initial mix of 1 – 5 μg of total RNA dissolved in RNase Free Water, 10 pmol gene specific 
reverse primer (GeneWorks) or Oligo(dT20) (Invitrogen) and 1 mM dNTP mix (Invitrogen), 
made up to a total volume of 12 μL with H2O. This mix was heated to 65˚C for 5 min and 
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then placed on ice to chill before the addition of other reaction components to the following 
concentrations: 1x First Strand Reaction Buffer (250 mM Tris-HCl (pH 8.3), 375 mM KCl, 
15 mM MgCl2) (Invitrogen), 0.01 M DTT (Invitrogen), 40 U RNaseOUT™ recombinant 
ribonuclease inhibitor (Invitrogen). This reaction mix was pre-incubated at 37˚C for 2 min 
before the addition of 200 U of SuperScript™ Reverse Transcriptase (Invitrogen), and then 
further incubated at 37˚C for 50 min. The reaction was inactivated by incubating at 70˚C for 
15 min. All reactions had a corresponding reaction that contained H2O instead of 
SuperScript™ Reverse Transcriptase to ensure there was no DNA contamination that could 
interfere with results of the following PCR. 
 
Samples consisting of 2 μL of the synthesised cDNA, and its corresponding negative control, 
were used in standard PCR reactions to determine whether the gene of interest was being 
transcribed. 
 
2.21 Plant Protein Extraction and Quantification 
Total soluble plant protein was isolated from leaf material by manual grinding in Protein 
Extraction Buffer (Appendix 2). Leaf tissue was removed from plants and the petiole and 
midrib removed before the sample was transferred to a 1.5 mL microcentrifuge tube and 
weighed. Two volumes of Protein extraction buffer per weight were added and the plant 
material subjected to manual grinding using a plastic pestle. The sample was then centrifuged 
for 5 min at 13,000 rpm to settle any particulate matter.  
 
The protein content in each sample was estimated by the Bradford method (Bradford 1976), 
using the Bio-Rad protein assay reagent, and the results read using a Dynatech MR7000 
microplate reader at 600 nm.  
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Some samples were subjected to heating at 70ºC for up to 4 h to precipitate  
non-thermotolerant proteins and concentrate the samples. The protein content in each of these 
samples was estimated again after heating by the Bradford method, using the Bio-Rad protein 
assay reagent, and the results read using a Dynatech MR7000 microplate reader at 600 nm. 
 
2.22 SDS-PAGE and Western Blotting 
Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) was carried out in 
a 4% (w/v) stacking, and 12.5% (w/v) resolving, polyacrylamide gel (Appendix 2), with  
1x SDS-Tris-Glycine running buffer (Appendix 2), using an initial current of 80 V for 20 min, 
followed by 180 V for 40 min.  
 
Samples containing approximately 15 μg total protein extract were heated to 95°C for 5 min 
in SDS gel goading buffer (Appendix 2), before being loaded into the SDS-PAGE gel. These 
were allowed to run until the dye reached the bottom of the gel. The size of proteins in the cell 
lysates was determined by comparison with the 4 – 250 kilodalton (kDa) protein MW marker, 
SeeBlue® Plus2 Pre-stained Standard (Invitrogen) (Appendix 4), that was run in one lane of 
the gel. 
 
Proteins were transferred from polyacrylamide gels to nitrocellulose membranes by 
application of a 70 V current in a Bio-Rad Mini Transblot cell, using Western transfer buffer 
(Appendix 2). Transfer required approximately 1.5 h. The membrane was rinsed in Tris 
buffered saline (TBS) (Appendix 2) and then blocked using Western Blocking Buffer 
(Appendix 2). The blocking buffer was poured off before the addition of a 1:1000 dilution, in 
5% skim milk in TBS, of the mouse-anti-E1 or mouse-anti-CBH1 primary antibody 
(Calgene). Antibody binding was allowed to proceed for 2 h. The membrane was rinsed twice 
in TBS before the addition of a 1:5000 dilution, in 5% skim milk in TBS, of the  
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goat-anti-mouse secondary antibody (Promega) and binding was allowed to proceed for 1 h. 
The membrane was then rinsed three times in TBS and once in TE pH 8.8, before the addition 
of 2 mL of Western Blue Stabilised Substrate for alkaline phosphatase (Promega). This was 
left to stand at room temperature for 1-2 h until the bands became visible before being rinsed 
in water to stop the reaction. 
 
2.23 MUC Assay 
The basis of this assay is the ability of cellulase enzymes to cleave the non-fluorogenic 
substrate 4-methylumbelliferyl-β-D-cellobioside to form the fluorescent product                    
4-melthylumbelliferone. The assay was performed in a 96-well plate and read using a BMG 
Labtech FluoStar Optima fluorescence spectrophotometer with an excitation wavelength of 
355 nm and an emission wavelength of 460 nm.  
 
Protein extract samples, containing 10 μg total soluble protein (TSP) in 20 μL of Protein 
Extraction Buffer, were added to 100 μL of MUC Assay Buffer (Appendix 2), before being 
wrapped in foil to prevent evaporation and incubated at 80ºC for 1 h. The reaction was 
terminated by the addition of 100 μL of MUC Stop Buffer (Appendix 2) and the raw 
fluorescence readings recorded.  
 
A control set of reactions, containing MUC Minus Buffer (Appendix 2), was run in parallel to 
eliminate the possibility of interference through the fluorescence of the protein extract itself. 
The result from these reactions was subtracted from the raw fluorescence readings to give the 
actual fluorescence reading.  
 
Two standard curves were also included on each plate. The first consisted of predetermined 
amounts of 4-MU, in MUC Minus Buffer, to enable estimation of the amount of 4-MU 
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produced by a known amount of TSP. The second consisted of predetermined amounts of 
purified E1 enzyme, in MUC Assay Buffer, to enable estimation of the amount of E1 enzyme 
present.  
 
2.24 Induction of Gene Expression in E. coli and Protein Isolation from Bacterial 
Culture 
Expression of the inserted gene in the pUC18 vector can be induced by the addition of IPTG 
to the culture medium to a concentration of 1 mM. Induction cultures were 3 mL LB broth 
culture, supplemented with 50 μg/mL ampicillin, grown to early log phase. These were 
induced by the addition of 30 μL of 100 mM IPTG. Cultures were incubated at 37°C for 4 h, 
before the cells were harvested by centrifugation at 13,000 rpm for 10 min. Cultures of 
pUC18 vector without insert, and the pUC18 vector with only the small e1 gene segment were 
used as controls.  
 
The harvested cells were lysed, by re-suspension in 4 mg/mL Lysozyme in water, which was 
allowed to stand at room temperature for 1 h before being centrifuged at 3000 rpm for 15 min 
to sediment unbroken cells and cell membrane fragments. One set of samples, to be used for 
Western blot analysis of total protein, were not centrifuged. These were labelled ‘crude 
bacterial protein extracts’. The protein content of the samples was estimated by the Bradford 
method, using the BioRad protein assay reagent, and the results read using a Dynatech 
MR7000 microplate reader at 600 nm. Supernatants were transferred to fresh tubes and stored 
at -20°C until required. 
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2.25 Bacterial RNA Extraction 
Total bacterial RNA was isolated from transgenic E. coli cultures using the RNeasy Protect 
Bacteria Mini Kit and protocol from Qiagen. The proteinase K digestion protocol was 
followed as the cultures had been grown in LB broth. The RNA obtained was used in  
RT-PCR in the same manner as that described in section 2.22 for total plant RNA.  
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3 Chloroplast Expression of CBH1 
 
3.1 Introduction 
There is currently considerable interest in the use of plants as bioreactors for the inexpensive, 
large-scale production of pharmaceuticals and industrial enzymes (Abranches et al., 2005;  
De Wilde et al., 2000; Maliga et al., 2001), especially in relation to the production of cellulase 
enzymes for use in the bioconversion of lignocellulosic biomass. The gene encoding the 
cellulase enzyme CBH1 from T. reesei has previously been successfully expressed in  
N. tabacum from the nuclear genome, with protein analysis revealing that CBH1 accounted 
for 0.11% of total protein (Dai et al., 1999). Given that one of the limiting factors in the 
efficient degradation of cellulose is the amount of cellulase enzyme, very high levels of 
cellulase accumulation in transgenic plant tissues are desirable.  
 
In this study, chloroplast transformation was selected as a potential means of producing high 
levels of cellulase due to the capacity of this technique to provide very high expression and 
accumulation of foreign proteins in transformed plant material (Heifetz and Tuttle, 2001). 
Some chloroplast transformation studies have shown heterologous protein accumulation 
levels of between 20 and 30% of total leaf protein (McBride et al., 1994; Ziegler et al., 2000), 
with one claiming that heterologous protein accounted for up to 47% of TSP (Daniell et al., 
2001).   
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Historically, the expression of heterologous genes in N. tabacum, under the T7 promoter, has 
resulted in much higher levels of gene product accumulation than when the genes are 
expressed under strong constitutive plastid promoters, such as the 16S ribosomal RNA operon 
(Prrn) (McBride et al., 1994).  
 
To enable comparison between the levels of chloroplast gene expression of cellulase genes 
under the T7 and Prrn promoters, two chloroplast expression cassettes were created. The first 
was for chloroplast-only transgenics that would express cbh1 under the Prrn promoter. The 
second was for transcriptionally silent chloroplast transgenics that would express cbh1 under 
the T7 promoter after trans-activation. Trans-activation was to be achieved by transforming 
the transcriptionally silent T7 / cbh1 plants a second time, using Agrobacterium-mediated 
nuclear transformation, to deliver the T7 RNA Polymerase (RNAP) gene into the nuclear 
genome, via the vector pCGN4026.  
 
The vector, pCGN4026, contains the T7 RNA Polymerase (RNAP) gene under the constitutive 
CaMV 35S promoter. The gene is fused to a transit peptide sequence from the small sub-unit 
of the chloroplast enzyme RUBISCO, which facilitates translocation of the protein to the 
stroma of the chloroplast after synthesis in the cytoplasm (McBride et al., 1994), where it can 
induce transcription of genes under the T7 promoter.  
 
This chapter describes the attempts to express CBH1 in chloroplasts of N. tabacum cv. Petit 
Havana, the creation of stable chloroplast transgenic lines, harbouring an un-induced cbh1 
chloroplast expression cassette utilising the T7 promoter, and the result of using 
Agrobacterium-mediated nuclear transformation to integrate the T7 RNAP gene into the 
nuclear genome in order to trans-activate expression of the previously un-induced cbh1 gene.  
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3.2 Results 
3.2.1 Chloroplast expression cassette construction 
The provided plasmid pCGN5059 possesses a full chloroplast homology expression cassette 
containing the T7 promoter, the glucuronidase (GUS) gene, and the psbA terminator. This 
plasmid was manipulated to replace the T7 promoter with the Prrn promoter and ribosome 
binding site to provide a second, constitutive, construct for expression studies.  
 
Exact match oligonucleotide primers, designed according to the pCGN6051 plasmid 
sequence, were used to isolate and amplify the 135 bp Prrn promoter and rbcL ribosome 
binding site sequence, from the plasmid pCGN6051 by PCR. The Prrn forward primer 
(Appendix 3) introduced a HindIII RE recognition sequence to the 5’ end of the amplified 
product, and the Prrn reverse primer (Appendix 3) introduced an NcoI RE recognition 
sequence to the 3’ end of the amplified product.  
 
The T7 promoter and ribosome binding site sequence in pCGN5059 was replaced by the Prrn 
promoter and ribosome binding site sequence by a general cloning protocol using RE 
digestion with HindIII and NotI. Successful replacement of the T7 promoter with the Prrn 
promoter was confirmed by plasmid DNA isolation, PCR, using the primers initially used to 
isolate the Prrn promoter and ribosome binding site sequence, and gel electrophoresis. The 
resulting plasmid was named pP5059. The plasmid pP5059 was also sent for sequencing 
which confirmed 100% sequence fidelity for the Prrn promoter and ribosome binding site 
sequence (Appendix 5). 
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3.2.2 Site-directed mutagenesis of the cbh1 gene 
The plasmid pNAV5 was supplied by Dr G. Nugent (RMIT University). This 4.7 kb plasmid 
contains the full length cbh1 gene in a pUC120 ampicillin resistant backbone, with an 
introduced point mutation that eliminates the NcoI RE recognition sequence, occurring at 
position 494 – 499 of the native cbh1 gene, while retaining translational fidelity.  
 
In order to facilitate subsequent DNA manipulations involving the use of HindIII RE, the 
Quickchange Site-Directed Mutagenesis Kit from Stratagene, and the primers Hind-Mut 
Forward and Hind-Mut Reverse (Appendix 3), were used to eliminate the HindIII recognition 
sequence that occurs at position 885 - 890 of the cbh1 gene, while retaining the translational 
fidelity.  
 
The success of the mutation was tested by RE digestion of plasmid preps from prospective 
pNAV5Hind- colonies using HindIII. The pUC120 backbone possesses a single HindIII RE 
recognition site in the multiple cloning site (MCS). All 10 prospective pNAV5Hind- colonies 
showed successful disruption of the internal cbh1 HindIII RE recognition sequence, 
producing only a single band at approximately 4.7 kb, indicating that HindIII only cut the 
plasmid in the MCS HindIII site. The original pNAV5 plasmid produced 2 distinct bands, one 
at approximately 4.0 kb and another at 678 bp, indicating that HindIII cut the plasmid twice, 
once in the backbone and once in the gene. The new plasmid was named pNAV5Hind- 
(Figure 3.1). 
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Figure 3.1 Site-directed mutagenesis of pNAV5.  
Lane 1 – DNA marker GeneRuler 1kb (MBI Fermentas); Lanes 2-11 – HindIII digest products from prospective 
pNAV5HindIII- isolates; Lane 12 – HindIII digest products of un-mutated pNAV5; Lane 13 – negative control; 
Lane 14 – DNA marker GeneRuler 1kb (MBI Fermentas). 
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 55 
3.2.3 Preparation of the cbh1 chloroplast expression constructs 
Two chloroplast expression constructs were assembled for the cbh1 gene. One utilised the 
constitutive Prrn promoter and the other utilised the T7 promoter. They were otherwise 
identical. The steps taken in the assembly process are outlined in Figure 3.2.  
 
The mutated cbh1 gene was transferred from pNAV5HindIII- to pNAV9, in order to pick up 
the necessary RE recognition sequences for construction of the chloroplast expression 
cassettes. This was achieved by a general cloning protocol using RE digestion with NcoI and 
SalI. Successful transfer of the mutated cbh1 gene, from the pNAV5Hind- construct to the 
pNAV9 construct, was confirmed by plasmid DNA isolation, RE digestion and gel 
electrophoresis. The resulting plasmid was named pNAV9cbh. 
 
The 1.8 kb DNA fragment, encoding the GUS gene in the pP5059 and pCGN5059 constructs, 
was replaced by the 1.5 kb DNA fragment, encoding the mutated cbh1 gene in pNAV9, by a 
general cloning protocol using RE digestion with NcoI and AscI. Successful replacement of 
the GUS gene with the mutated cbh1 gene was confirmed by plasmid DNA isolation, RE 
digestion, and gel electrophoresis. The resulting plasmids were named pPC5059, for the 
construct containing the Prrn promoter, and pTC5059, for the construct containing the T7 
promoter. 
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Figure 3.2 Construction of cbh1 chloroplast homology vectors.  
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 Due to difficulty in obtaining the desired constructs, due to both the parent and recipient 
vectors being ampicillin resistant, the expression cassettes were transferred, from the 
ampicillin resistant pPC5059 and pTC5059 constructs, into the chloramphenicol resistant 
pBCKS vector from Stratagene. The resulting plasmids were named pPC-BCKS for the 
construct containing the Prrn promoter, and pTC-BCKS, for the construct containing the T7 
promoter.  
 
The expression cassettes were then transferred to the large RUBISCO sub-unit targeted 
chloroplast homology vector, pCGN6043 (Calgene Inc.) (Appendix 1) by a general cloning 
protocol using RE digestion with HindIII and NotI. This vector, which targets the insert DNA 
to the accD – rbcL region of the large single copy region of the chloroplast genome, contains 
gene sequences from the tobacco chloroplast genome that facilitate the integration of DNA 
into the chloroplast genome through homologous recombination. The vector also carries the 
aadA gene, which confers resistance to spectinomycin and streptomycin. 
 
Successful transfer of the expression cassettes, from the pPC-BCKS and pTC-BCKS 
constructs to the pCGN6043 chloroplast homology vector backbone, was confirmed by the 
culturing of any resulting colonies on both ampicillin and chloramphenicol medium and the 
selection of colonies that only grew on ampicillin and not chloramphenicol. These selected 
colonies were subsequently screened by plasmid DNA isolation, RE digestion using HindIII 
and NotI, and gel electrophoresis (Figure 3.3a,b). The resulting plasmids were named 
pPC6043, for the construct containing the Prrn promoter, and pTC6043, for the construct 
containing the T7 promoter (Appendix 1). 
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A        B  
 
Figure 3.3 Gel electrophoresis confirmations of cbh1 chloroplast homology vector construction.   
A Lane 1 – DNA marker GeneRuler 1kb (MBI Fermentas); Lane 2 – pPC6043 chloroplast homology vector, 
containing the Prrn/cbh1 chloroplast expression cassette, digested with HindIII and NotI; Lane 3 – pPC5059 
cloning vector, containing the Prrn/cbh1chloroplast expression cassette, digested with HindIII and NotI;  
Lane 4 – empty pCGN6043 chloroplast homology vector digested with HindIII and NotI.  
B Lane 1 – DNA marker GeneRuler 1kb (MBI Fermentas); Lane 2 – pTC6043 chloroplast homology vector, 
containing the T7/cbh1 chloroplast expression cassette, digested with HindIII and NotI; Lane 3 – pTC5059 
cloning vector, containing the T7/cbh1 chloroplast expression cassette, digested with HindIII and NotI;  
Lane 4 – empty pCGN6043 chloroplast homology vector digested with HindIII and NotI. 
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3.2.4 Regeneration after biolistic transformation 
Antibiotic selection of transgenic tissue was facilitated by incubation on MS medium 
containing 500 μg/mL spectinomycin.  Non-transgenic tissue began to bleach after 
approximately 2 to 3 weeks (Figure 3.4a) while tissue incubated in the absence of 
spectinomycin regenerated successfully showing the formation of many shoots (Figure 3.4b).  
 
Clusters of callus tissue, and shoots, began to arise on the bombarded tissue segments 
approximately 4 to 8 weeks after the bombardment (Figure 3.4c). Following excision and 
transfer to fresh MS-Regeneration and Selection medium, these clusters of callus and shoots 
continued to enlarge (Figure 3.4d), and took approximately 4 to 8 more weeks to produce 
shoots and be large enough for further analysis (Figure 3.4e). 
 
3.2.5 Negative PCRs for constitutive construct on shoot DNA 
Transgenic plant material was screened at the callus stage by DNA extraction and PCR. A 
multiplexed PCR, containing primers for cbh1 and the housekeeping gene actin, was used to 
identify regenerating callus carrying cbh1 as against regenerating callus carrying spontaneous 
mutations conferring resistance to 500 μg/mL spectinomycin. Material carrying the cbh1 gene 
is clearly identified in the PCR by a band at approximately 1.4 kb while plants not carrying 
the cbh1 gene show only the two bands produced by the actin primers, at approximately 680 
bp and 900 bp (Figure 3.5a). Samples of the DNA extracts were also run on the gel to check 
concentration and purity (Figure 3.5b). A total of 92 spectinomycin resistant shoots were 
regenerated from 40 shots of the constitutive chloroplast expression construct pPC6043, into 
wild type N. tabacum cv. Petit Havana. PCR analysis of the DNA extracts from these 92 
resistant shoots showed that none carried the cbh1 gene.  
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A  B  
C  D  
E   
 
Figure 3.4 Antibiotic selection and regeneration of cbh1 transgenic plants.  
A Bleaching of wild type tobacco on MS regeneration and selection medium containing 500 μg/mL 
spectinomycin.  
B Plate showing successful regeneration of wild type tobacco tissue in the absence of spectinomycin.  
C Leaf segment showing beginning of regeneration of spectinomycin resistant callus.  
D Enlarged spectinomycin resistant callus.  
E Enlarged spectinomycin resistant callus forming shoots. 
 61 
 
 
 
 
 
A  
 
B  
 
Figure 3.5 Gel Electrophoresis of multiplex PCR tests to identify Prrn/cbh1 transgenic plants.  
A Lane 1 – DNA marker GeneRuler 1kb (MBI Fermentas); Lanes 2-14 – products generated from the 
multiplexed PCR using cbh1 and actin primers on prospective PC6043 plant DNA extracts; Lane 15 – products 
generated from pPC6043 plasmid prep; Lane 16 – products generated from wild type N. tabacum plant DNA 
extract; Lane 17 – negative control reaction for the PCR.  
B Lane 1 – DNA marker GeneRuler 1kb (MBI Fermentas); Lanes 2-14 – purity and concentration of the DNA 
extracts from prospective PC6043 regenerated callus; Lane 15 – pPC6043 plasmid prep; Lane 16 – wild type  
N. tabacum plant DNA extract. 
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3.2.6 Positive PCR for T7 construct in wild-type shoot DNA 
A total of 14 spectinomycin resistant shoots were isolated from 10 shots of the inducible 
chloroplast expression construct TC6043, into wild type N. tabacum cv. Petit Havana. PCR 
analysis of the DNA extracts from these 14 resistant shoots showed that 10 carried the cbh1 
gene (Figure 3.6). 
 
3.2.7 Southern blot analysis for T7 construct in wild-type shoot DNA 
Southern blot analysis was used to determine the extent to which all of the chloroplasts in a 
transgenic plant had taken up the cbh1 gene. Total plant DNA was digested to completion 
with SphI and fragments resolved using gel electrophoresis before capillary transfer onto a 
positively charged nylon membrane. A 510 bp digoxigenin-labelled probe derived from the 
accD gene in the chloroplast genome, adjacent to the proposed site of insertion for the cbh1 
gene, was used to detect chloroplast DNA that contained the cbh1 gene as against that which 
contained only wild type chloroplast DNA.  
 
For the plants containing the transcriptionally silent cbh1 construct, pTC6043, all 10 of the 
transgenic isolates identified by PCR analysis exhibited successful integration of the cbh1 
gene into their chloroplast genomes as shown by the presence of a band at 5186 bp, however, 
nine of the plants still showed the presence of heterologous populations of wild type and 
transformed chloroplasts, shown by the presence of a second band at 2409 bp (Figure 3.7).  
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Figure 3.6 Gel Electrophoresis of PCR tests to identify T7/cbh1 in wild type transgenic plants.  
A Lane 1 – DNA marker GeneRuler 1kb (MBI Fermentas); Lanes 2-8 – products generated from the PCR using 
cbh1 primers on prospective TC6043/wild plant DNA extracts; Lane 9 – negative control for the PCR; Lane 10 – 
products generated from wild type N. tabacum plant DNA extract; Lane 11 – products generated from pTC6043 
plasmid prep.  
B Lane 1 – DNA marker GeneRuler 1kb (MBI Fermentas); Lanes 2-8 – products generated from the PCR using 
cbh1 primers on prospective TC6043/wild plant DNA extracts; Lane 9 – negative control for the PCR; Lane 10 – 
products generated from wild type N. tabacum plant DNA extract; Lane 11 – products generated from pTC6043 
plasmid prep.  
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Figure 3.7 Southern blot analysis of T7/cbh1 in wild type transgenic plants.  
Lane 1 – DNA Molecular Weight Marker III (Roche); Lanes 2-11 – products generated from the SphI digest of 
TC6043/wild type plant DNA extracts; Lane 12 – products generated from the SphI digest of wild type  
N. tabacum plant DNA extract; Lane 13 – negative control digest; Lane 14 – DNA Molecular Weight Marker III 
(Roche). 
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3.2.8 Negative PCR for T7 RNAP gene in transplastidic shoot DNA 
One of the transgenic plants containing the inducible chloroplast expression construct 
pTC6043 was selected for trans-activation of the expression construct by Agrobacterium-
mediated nuclear transformation with a chloroplast targeted T7 RNAP gene (McBride et al., 
1994).  Excised leaf tissue containing the transcriptionally silent cbh1 gene under the  
un-induced T7 promoter was co-cultivated with A. tumefaciens AGL-0 strain harbouring the 
vector pCGN4026 to deliver the T7 RNAP gene into the nuclear genome and thus initiate 
expression of the cbh1 gene. The pCGN4026 vector contains the T7 RNAP gene under the 
constitutive CaMV 35S promoter. The gene is fused to a transit peptide sequence from the 
small sub-unit of the chloroplast enzyme RUBISCO, which facilitates translocation of the 
protein to the stroma of the chloroplast after synthesis in the cytoplasm (McBride et al., 
1994). Wild type N. tabacum cv. Petit Havana was transformed with the same transformation 
suspension as a control.  
 
A total of 7 kanamycin resistant transgenic shoots containing the T7 RNAP gene were 
regenerated from the positive control co-cultivation of 5 leaves of wild type  
N. tabacum cv. Petit Havana (Figure 3.8). No kanamycin resistant shoots were regenerated 
from the co-cultivation of 5 leaves of the transplastidic tissue containing the silent cbh1 gene.  
 
3.2.9 RT-PCR for T7 RNAP in transgenic shoot DNA 
RT-PCR analysis, using total plant RNA extracts, was used to confirm expression of the  
T7 RNAP gene in the 7 transgenic plants identified by PCR. All 7 kanamycin resistant 
transgenic shoots containing the T7 RNAP gene were confirmed as successfully expressing 
the T7 RNAP gene and there was no DNA contamination in the RNA extracts (Figure 3.9 a,b).  
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Figure 3.8 Gel Electrophoresis of PCR tests to identify T7 transgenic plants.  
Lane 1 – DNA marker GeneRuler 1kb (MBI Fermentas); Lane 2 – product generated from pCGN4026 plasmid 
preparation control; Lanes 3-9 – products generated from the PCR using T7 RNAP primers on prospective 4026 
plant DNA extracts; Lane 10 – products generated from wild type N. tabacum plant DNA extract; Lane 11 – 
DNA marker GeneRuler 1kb (MBI Fermentas).  
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Figure 3.9 Gel Electrophoresis of RT-PCR tests to identify transgenic plants expressing T7 RNAP.  
A Lane 1 – DNA marker GeneRuler 1kb (MBI Fermentas); Lanes 2-8 – products generated from the RT-PCR 
using T7 RNAP primers on prospective 4026 plant RNA extracts; Lane 9 – product generated from wild type  
N. tabacum plant DNA extract; Lane 10 – DNA marker GeneRuler 1kb (MBI Fermentas).  
B Lane 1 – DNA marker GeneRuler 1kb (MBI Fermentas); Lanes 2-8 – products generated from the PCR using 
T7 RNAP primers on unprocessed RNA extract; Lane 9 – product generated from PCR on pCGN4026 plasmid 
preparation; Lane 10 – DNA marker GeneRuler 1kb (MBI Fermentas).  
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3.3 Discussion 
Biolistic transformation techniques, combined with spectinomycin resistance mediated by the 
aadA gene in plastid transformation vectors, have resulted in chloroplast transformation 
frequencies of approximately one transformation event per bombardment (Svab and Maliga, 
1993; Zoubenko et al., 1994). This transformation efficiency was demonstrated for the 
pTC6043 construct, containing the transcriptionally silent cbh1 gene under the un-induced T7 
promoter, with the recovery of 10 transgenic plants from 10 bombardments. However, despite 
40 bombardment attempts being made using the pPC6043 construct, no transgenic plants 
containing the cbh1 gene under the constitutive Prrn promoter were obtained.  
 
The inability to recover transgenic plants containing cbh1 under the constitutive Prrn 
promoter, but successful recovery of transgenic plants containing cbh1 under the un-induced 
T7 promoter, supports an hypothesis that expression of cbh1 by the chloroplast genome 
somehow results in an inability to regenerate transgenic plants.  
 
The possibility that unregulated modification of the chloroplast genome may have a 
deleterious effect on the ability to regenerate transgenic plants has been suggested previously 
(McBride et al., 1994). It was proposed that by stably introducing the desired gene into the 
chloroplast genome as a ‘silent’, or unexpressed, gene, and then later trans-activating its 
expression by transformation with a chloroplast-targeted nuclear-encoded T7 RNAP, these 
deleterious effects could be circumvented (McBride et al., 1994). This theory was tested 
through the transformation of confirmed transgenic tissue, harbouring the silent plastid-borne 
T7-cbh1 expression cassette, with the chloroplast-targeted, nuclear-encoded T7 RNAP gene. 
DNA and RNA analysis showed successful transformation and expression of the T7 RNAP 
gene in wild type N. tabacum cv. Petit Havana, but again, no transgenic plants expressing 
CBH1 in their chloroplasts were recovered. 
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A potential rationalisation for the problems associated with the expression of CBH1 in planta 
is that since the cbh1 gene is originally from a eukaryotic host, and the chloroplast genome is 
prokaryotic in nature, it is possible that the codon preferences of the native cbh1 gene are not 
suitable for use in the chloroplast genome. Perlak et al. (1991) reported that the native coding 
sequence of the Bacillus thuringiensis gene contains a significant difference in GC content, 
along with “localized regions of A+T richness resembling plant introns, potential plant 
polyadenylation signal sequences, ATTTA sequences, which have been shown to destabilize 
mRNA in other systems, and codons rarely used in plants”. Modification of the native 
sequence of this gene to more closely mimic the coding sequences of the host plant’s genes, 
by the introduction of point mutations while maintaining translational fidelity, resulted in an 
up to 100-fold increase in the amount of foreign gene expression. In a plastid expression 
study, Lutz et al. (2001) reported a significant increase in the expression levels of a bar 
transgene encoding phosphinothricin acetyltransferase, when a codon-optimised version of 
the gene was used.  
 
The native cbh1 gene has a GC content of approximately 59.2%, whereas “the average GC 
content for tobacco plastid genes is 27.9% for genetic system genes and 30.9% for 
photosynthetic genes” (Lutz et al., 2001). Also, there is a very strong bias for codons ending 
in G or C in the native cbh1 gene (Appendix 6), whereas there is a strong bias for codons 
ending in A or T in native tobacco plastid genes. In light of this difference, and the successes 
reported by others using similar modifications, the use of a codon-optimised synthetic gene, in 
place of the native cbh1 gene may offer a potential solution to facilitate its use in chloroplast 
transformation.   
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Another potential explanation for the problems associated with the expression of CBH1 in 
planta is that CBH1 may be toxic to the prokaryotic-style environment of the chloroplast.  
Future studies should focus on trying to avoid this toxicity by targeting of the  
chloroplast-expressed enzyme to specific locations, such as the thylakoid membrane, for 
containment, or placing the expression under a reactive cascade that is only activated upon 
exposure to an external trigger. By only producing the CBH1 enzyme in reaction to an 
external trigger, it is hoped that the potential toxicity associated with the build-up of CBH1 
enzyme would be inconsequential due to the timing of triggering being at the end of the 
plant’s life.  
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4 Bacterial expression studies of CBH1 
 
4.1 Introduction 
Due to the problems encountered with the generation of transplastidic plant material capable 
of expressing CBH1, described in Chapter 3, and the lengthy time period required for 
transgenic plant material to regenerate following transformation, a more rapid means of 
assessing the consequences of changes to chloroplast expression constructs was sought.  
 
There is a remarkable similarity between chloroplasts and prokaryotic systems in regards to 
their transcription and translation machinery and signals (McBride et al., 1994), and it is 
generally accepted that chloroplasts originated from the endosymbiosis of a photosynthetic 
bacterium by a non-photosynthetic eukaryotic cell (McFadden, 1999). For this reason it may 
be possible to examine the consequence of changes to chloroplast expression constructs in 
bacteria instead of plastids. The Gram positive bacterium, E. coli, was proposed as a 
candidate for this rapid analysis as it is easy to transform and culture and its generation times 
are short, meaning the results can be examined in a matter of hours instead of the weeks 
required for transgenic plant material to regenerate.  
 
The E. coli strain BL21 (DE3) pLysS was selected as a host for expression studies as it is 
designed for tightly regulated, high level heterologous expression of even toxic proteins. It 
contains a chromosomal T7 RNAP gene under the control of the lacUV5 promoter, and the  
lac repressor gene which codes for a repressor molecule that can be displaced from the 
promoter site by IPTG. Expression of foreign DNA can be induced by the addition of IPTG to 
the medium to a final concentration of 1 mM. The plasmid pLysS encodes T7 lysozyme 
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which prevents the expression of foreign DNA by the T7 RNAP until it is induced by the 
addition of IPTG. 
 
A number of different constructs were created for cbh1 to ascertain the effect of changes to 
the native gene on the success of heterologous, prokaryotic expression. The constructs 
examined included the full length cbh1 mature coding sequence, a truncated version of cbh1 
consisting of only the catalytic region, and two fusion genes created by fusing a small section 
of the e1 coding sequence from A. cellulolyticus, which has previously been expressed in E. 
coli, to the N-terminus of both the full length and truncated versions of the native cbh1 
sequence.  
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4.2 Results 
4.2.1 PCR amplification and cloning of both full length and truncated cbh1 gene variants  
4.2.1.1 Amplification of the full-length cbh1 gene 
Exact match oligonucleotide primers were designed according to the full-length pB210-5A 
sequence. These were used to amplify, by PCR, two different in-frame versions of the 1494 
bp mature full length cbh1 gene, eliminating the 51 bp fungal secretory signal sequence, while 
adding desired RE recognition sequences to each end.  
 
The first version, created using the cbh1 Forward and cbh1 Full Reverse primers (Appendix 
3), introduced an Asp718 RE recognition sequence to the 5’ side of the cbh1 start codon and  
a PstI RE recognition sequence after the cbh1 stop codon, and was to be used for native cbh1 
expression. The second version, created using the In-Line cbh1 Forward and In-Line cbh1 
Full Reverse primers (Appendix 3), introduced an NheI RE recognition sequence to the 5’ 
side of the cbh1 start codon and an XbaI RE recognition sequence after the cbh1 stop codon, 
and was to be used to create an engineered gene with a small section of the e1 gene fused to 
the N-terminus of the cbh1 gene. 
 
The amplified products were analysed by gel electrophoresis to ensure correct amplification 
of the 1512 bp fragments (Figure 4.1) before being ligated into the cloning vector pGEM-T 
Easy to create the plasmids pCgem and p~Cgem. Colonies were screened by plasmid DNA 
isolation, RE digestion, and gel electrophoresis to confirm the presence of the appropriate 
plasmid and insert.  
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Figure 4.1 PCR amplification of full length and truncated cbh1.  
Lane 1 – DNA marker GeneRuler 1kb (MBI Fermentas); Lanes 2-3 – products generated from the PCR using 
full length cbh1 primers; Lane 4-5 – products generated from the PCR using truncated cbh1 primers; Lane 6 – 
negative control reaction using full length cbh1 primers; Lane 7 – negative control reaction using truncated cbh1 
primers; Lane 8 – DNA marker GeneRuler 1kb (MBI Fermentas).  
 
   1       2      3      4       5      6       7       8 
< 1512 bp 
< 1326 bp 
3 kb > 
2 kb > 
750 bp > 
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4.2.1.2 Amplification of the truncated-cbh-1 gene 
Exact match oligonucleotide primers were designed according to the pB210-5A sequence. 
These were used to amplify, by PCR, two different in-frame versions of a truncated form of 
the cbh1 gene (cbht) with only the 1308 bp catalytic domain region, while adding desired RE 
recognition sequences to each end.  
 
The first version, created using the cbh1 Forward and cbh1 Catalytic Reverse primers 
(Appendix 3), introduced an Asp718 RE recognition sequence to the 5’ side of the cbh1 start 
codon and  a PstI RE recognition sequence after the final codon of the cbh1 catalytic region 
sequence, and was to be used for native cbh1 catalytic domain expression. The second 
version, created using the In-Line cbh1 Forward and In-Line cbh1 Catalytic Reverse primers 
(Appendix 3), introduced an NheI RE recognition sequence to the 5’ side of the cbh1 start 
codon and an XbaI RE recognition sequence after the final codon of the cbh1 catalytic region 
sequence, and was to be used to create an engineered gene with a small section of the e1 gene 
fused to the N-terminus of the cbh1 gene. 
 
The amplified products were analysed by gel electrophoresis to ensure correct amplification 
of  the 1326 bp fragments (Figure 4.1) before being ligated into the cloning vector pGEM-T 
Easy to create the plasmids pCtgem and p~Ctgem. Colonies were screened by plasmid DNA 
isolation, RE digestion, and gel electrophoresis to confirm the presence of the appropriate 
plasmid and insert. 
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4.2.2 The pQE30 expression vector 
The pQE30 expression vector set (Qiagen) was selected for expression of the cbh1 variants. 
These vectors consist of a strong T5 promoter, recognised by E. coli RNAP, with a double lac 
operator that results in “tightly regulated, high-level expression of recombinant proteins in  
E. coli.” (Qiagen Product Guide, 2003). They also contain the β-lactamase gene that confers 
ampicillin resistance along with either none, one, or two extra bases after the start codon to 
ensure that the insert gene is in the correct reading frame in one of the vectors regardless of 
the position of insertion within the MCS (Figure 4.2). The vector places a 6x Histidine-tag at 
the N-terminus of the expressed CBH1 protein which has an affinity for nickel. This tag is for 
use in antibody detection and purification using a nickel-nitrilotriacetic acid (Ni-NTA) 
antibody (Qiagen Website, 2003). 
 
The plasmid pQE31 was identified as the in-frame clone by analysis of the coding sequence 
and RE sites. The full length and truncated cbh1 gene fragments from pCgem and pCtgem 
were transferred into pQE31 by a general cloning protocol. Colonies were screened by 
plasmid DNA isolation, PCR using vector derived primers, and gel electrophoresis to verify 
the presence of the appropriate plasmid and insert. No positive colonies arising from ligations 
involving this plasmid were identified for either of the gene variants.  
 
4.2.3 Amplification of the e1 gene segment 
The plasmid pCGN6067 contains the full-length, mature e1 gene as an NcoI to AscI fragment 
in the Stratagene BCSK backbone. Exact match oligonucleotide primers were designed 
according to the pCGN6067sequence and these were used to amplify the first 360 bp of the  
e1 gene, comprising a non-catalytic portion from the N-terminus, for use in creating the  
e1 / cbh1 fusion gene.  
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Figure 4.2 Vector map for pQE30 expression vector set. (Qiagen, 2003)  
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The e1-Nterm Forward primer (Appendix 3) introduced an Asp718 RE recognition sequence 
to the 5’ side of the desired e1 sequence. The e1-Nterm Reverse primer (Appendix 3) 
introduced an NheI RE recognition sequence to the end the desired e1 sequence. The 
amplified product was analysed by gel electrophoresis to ensure correct amplification of the 
378 bp fragment (Figure 4.3) before being ligated into the cloning vector pGEM-T Easy to 
create the plasmid pE~gem. Colonies were screened by plasmid DNA isolation, RE digestion, 
and gel electrophoresis to confirm the presence of the appropriate plasmid and insert. 
 
4.2.4 Construction of the fusion gene using the pGEM-T Easy cloning vector 
Plasmid preparations of p~Cgem and p~Ctgem were each mixed with pE~gem in a general 
cloning protocol to facilitate the directional insertion of the e1 gene segment into p~Cgem and 
p~Ctgem to create the e1 / cbh1 and the e1 / cbht fusions. The resulting plasmids were named 
pECgem for the full length e1 / cbh1 fusion, and pECtgem for the e1 / cbht fusion. 
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Figure 4.3 PCR amplification of e1 gene segment.  
Lane 1 – DNA marker GeneRuler 1kb (MBI Fermentas); Lanes 2-3 – products generated from the PCR using e1 
primers; Lane 4 – negative control reaction using e1 primers; Lane 5 – DNA marker GeneRuler 1kb (MBI 
Fermentas).  
 
 
 
 
 
  1         2        3        4       5 
< 378 bp 
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4.2.5 The pUC18 expression vector 
The pUC18 vector expresses an inserted gene as a fusion with the β-galactosidase gene. This 
gene is part of the lacZ operon under the lac promoter, meaning that expression can be 
induced by the addition of IPTG to the culture medium.  
 
The full length and truncated cbh1 gene fragments from pCgem and pCtgem, the e1 gene 
segment from pE~gem, and the full length and truncated cbh1 fusion gene fragments from 
pECgem and pECtgem, were transferred into pUC18 by a general cloning protocol using 
appropriate REs. Colonies were screened by plasmid DNA isolation, RE digestion, and gel 
electrophoresis to confirm the presence of the appropriate plasmid and insert. All five gene 
variants were successfully transferred to be expressed as in-line fusions with the  
β-galactosidase gene and these were renamed pUC-C, pUC-Ct, pUC-EC, pUC-ECt, pUC-E 
accordingly (Appendix 1).  Sequencing data confirmed sequence fidelity and codon framing 
in all five of the gene variants (Appendix 5). 
 
4.2.6 MUC Assay analysis of protein activity 
The MUC assay is a rapid and highly sensitive means of screening for the presence of 
cellulase activity and the results are available within a couple of hours. For this reason it was 
used as the first test to identify if the bacterial clones harbouring the cbh1 variants were 
producing any catalytically active cellulase enzyme. MUC assay analysis showed that 
although purified CBH1 showed activity, none of the bacterial protein extracts showed any 
activity in the TSP (Table 4.1).  
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Table 4.1 MUC assay data from bacterial expression.  
Bacterial 
Construct ID 
Raw 
Fluorescence 
Background 
Fluorescence Fluorescence 4-MU mg TSP-1 min-1 
Average 
Standard 
Deviation  % TSP 
 Average 
Standard 
Deviation 
pUC-CBH 228 47 181 -27 -26 ± 0 -0.03 -0.03 ± 0.00 
 228 45 183 -26  -0.03  
 226 42 184 -26  -0.03  
pUC-CBHt 220 40 180 -27 -27 ± 0 -0.03 -0.03 ± 0.00 
 221 41 180 -27  -0.03  
 223 40 183 -26  -0.03  
pUC-Fusion 223 49 174 -28 -27 ± 1 -0.03 -0.03 ± 0.00 
 227 49 178 -27  -0.03  
 228 46 182 -26  -0.03  
pUC-Fusiont 225 38 187 -25 -27 ± 3 -0.03 -0.03 ± 0.00 
 222 37 185 -26  -0.03  
 202 40 162 -30  -0.04  
pUC-E1c 228 44 184 -26 -27 ± 2 -0.03 -0.03 ± 0.00 
 226 55 171 -29  -0.03  
 229 46 183 -26  -0.03  
pUC18 226 49 177 -27 -24 ± 4 -0.03 -0.03 ± 0.00 
 226 42 184 -26  -0.03  
 257 43 214 -20  -0.03  
Lysozyme 211 35 176 -28 -27 ± 1 -0.03 -0.03 ± 0.00 
 216 34 182 -26  -0.03  
 213 36 177 -27  -0.03  
Purified CBH1 22953 1216 21737 - - - - 
 23054 1281 21773 - - - - 
 22992 1256 21736 - - - - 
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4.2.7 Western blot analysis of protein production 
Due to the lack of detectable cellulase activity, determined by MUC assay analysis, Western 
blot analysis was used to ascertain if there was any cellulase enzyme present in the crude 
bacterial protein extracts. Western blot analysis of the crude bacterial protein extracts detected 
no CBH1 protein in total protein extract, but a distinct cross-reactive band is seen at 
approximately 40 kDa (Figure 4.4). 
 
4.2.8 RNA extraction and RT-PCR analysis of transcription 
RT-PCR analysis, using total RNA extracts, was used to confirm transcription of the cbh1 
gene variants in the bacterial clones identified by PCR. All four of the cbh1 gene variants 
were being transcribed into mRNA (Figure 4.5) and there was no DNA contamination in the 
RNA extracts (data not shown). 
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Figure 4.4 Western blot analysis of proteins from bacterial expression of CBH1.  
Lane 1 – Protein Molecular Weight Marker SeeBlue® Plus2 Pre-Stained Standard (Invitrogen); Lane 2 – 
Purified CBH1 Standard; Lane 3 – pUC18 bacterial protein extract at 0 h; Lane 4 – pUC18 bacterial protein 
extract at 4 h; Lane 5 – pUC-E bacterial protein extract at 0 h; Lane 6 – pUC-E bacterial protein extract at 4 h; 
Lane 7 – pUC-C bacterial protein extract at 0 h; Lane 8 – pUC-C bacterial protein extract at 4 h; Lane 9 –  
pUC-Ct bacterial protein extract at 0 h; Lane 10 – pUC-Ct bacterial protein extract at 4 h; Lane 11 – pUC-EC 
bacterial protein extract at 0 h; Lane 12 – pUC-EC bacterial protein extract at 4 h; Lane 13 – pUC-ECt bacterial 
protein extract at 0 h; Lane 14 – pUC-ECt bacterial protein extract at 4 h. A cross-reactive band is seen at  
~40 kDa in all test lanes.  
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Figure 4.5 RT-PCR analysis of cbh1 transcription.  
Lane 1 – DNA marker GeneRuler 1kb (MBI Fermentas); Lane 2 – RT-PCR on pUC-C bacterial RNA extract at 
0 h; Lane 3 – RT-PCR on pUC-C bacterial RNA extract at 4 h; Lane 4 – RT-PCR on pUC-Ct bacterial RNA 
extract at 0 h; Lane 5 – RT-PCR on pUC-Ct bacterial RNA extract at 4 h; Lane 6 – RT-PCR on pUC-EC 
bacterial RNA extract at 0 h; Lane 7 – RT-PCR on pUC-EC bacterial RNA extract at 4 h; Lane 8 – RT-PCR on 
pUC-ECt bacterial RNA extract at 0 h; Lane 9 – RT-PCR on pUC-ECt bacterial RNA extract at 4 h. 
 
 
 
 
< 1872 bp 
< 1686 bp 
< 1512 bp 
< 1326 bp 
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4.3 Discussion 
Previous attempts at expressing the cbh1 gene from T. reesei in E. coli have had limited 
success (Laymon et al., 1996). It is thought that expression and accumulation of CBH1 within 
the cytoplasm of E. coli is difficult due to the digestion of foreign soluble proteins by host 
proteases (Laymon et al., 1996).  
 
CBH1 has been expressed in various eukaryotic heterologous systems including insect cells 
and yeasts (Boer et al., 2000; Den Haan et al., 2007; Godbole et al., 1999; Penttila et al., 
1988; von Ossowski et al., 1997), but to date, only one paper has claimed successful 
expression of CBH1 in E. coli (Laymon et al., 1996). Laymon et al. (1996) reported that the 
cDNA encoding the full length CBH1 enzyme was expressed in E. coli strain GI 724 as a 
fusion product, using the pTrxFus vector (Invitrogen). This vector facilitated a C-terminal 
fusion of the native CBH1 enzyme to the 11.7 kDa thermostable thioredoxin protein, which 
led to successful expression, however, the expressed protein was contained in insoluble 
inclusion bodies that had to be extracted, solubilised and renatured before activity could be 
restored (Laymon et al., 1996). 
 
In this study, it was hypothesised that expression of a truncated form of the cbh1 gene, 
consisting of only the catalytic domain of the protein, eliminating the central linker peptide 
and the cellulose binding domain, may enable successful cytoplasmic expression of the 
enzyme in E. coli. To investigate this hypothesis, both a full-length and a truncated version of 
the cbh1 gene were isolated for use in bacterial expression studies. 
 
Previous work by the author (Denton, unpublished), had identified the 17 amino acid,  
N-terminal, hydrophobic signal peptide of the native CBH1 enzyme as a possible impediment 
to the generation of E. coli clonal lines capable of expressing CBH1.  
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N-terminal, hydrophobic signal peptides are usually present to facilitate secretion in both 
bacteria and fungi, because the hydrophobic nature of the signal peptide allows the protein to 
pass through the plasma membrane into either the periplasmic space or the external 
environment (Martoglio and Dobberstein, 1998). However, in Gram negative heterologous 
hosts, such as E. coli, N-terminal, hydrophobic signal peptides can produce toxic effects 
resulting in the death of the host cells (d’Oliveira et al., 1996). The signal peptide may 
effectively target the foreign protein to the secretory pathway of the E. coli host, but the 
conformation of the rest of the protein may prevent it from being successfully secreted from 
the cell (van Dijl et al., 2002). This incomplete secretion of the foreign protein may lead to 
the blockage of essential secretory channels in the host, resulting in an inability to translocate 
vital host peptides (van Dijl et al., 2002). For this reason, and the fact that the secretion of 
CBH1 was not desired in this study, the 51 bp DNA sequence, encoding the fungal secretory 
signal peptide was eliminated prior to the assembly of the expression constructs.  
 
Despite exclusion of the signal peptide sequence, no colonies harbouring plasmids containing 
in-frame versions of either the full-length or the truncated forms of cbh1 were isolated. 
Previous work has shown that out of frame expression constructs were easily obtained for 
both the truncated and full length cbh1, however, despite a large number of colonies being 
screened for the in-frame constructs, none was identified (Denton, unpublished). This 
observation was repeated in this study, with no colonies harbouring in-frame constructs being 
identified. It is possible that even though expression of the gene was not supposed to occur 
before induction with IPTG, the pQE30 expression vector set is subject to some leakage of 
expression prior to induction (Qiagen Website, 2003) which may have led to the inability to 
generate clones stably expressing CBH1.  
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This led to the choice of the vector pUC18 as an expression vector. Traditionally pUC18 is a 
cloning vector, as the inserted DNA disrupts the expression of the β-galactosidase gene, 
thereby facilitating blue white screening. However, this vector can be used as an expression 
vector, to express inserted DNA as a fusion with β-galactosidase, provided the insert DNA is 
inserted in-frame with the β-galactosidase gene. The use of this vector did result in the 
successful generation of E. coli lines harbouring the desired cbh1 expression constructs, 
possibly due to the fusion of the small segment from the N-terminus of β-galactosidase to the 
N-terminus of CBH1.  
 
Another approach was developed in parallel at this time. It was hypothesised that the fusion of 
a small non-catalytic section of E1, from A. cellulolyticus, with the N-terminus of both the 
full-length and truncated versions of CBH1, could potentially alleviate the problems 
encountered with the generation of positive clones and bacterial expression. The rationale for 
this being that E1, from A. cellulolyticus, has previously been expressed successfully in  
E. coli (Thomas et al., 1996) and the fusion of an approximately 12 kDa thioredoxin protein 
to the N-terminus of CBH1 has previously been shown to be successful in facilitating the 
expression of the CBH1 protein (Laymon et al., 1996). To this end, a 360 bp section from the 
N-terminal end of e1 was isolated by PCR and ligated onto the N-terminus of both the  
full-length and truncated versions of the cbh1 gene. This 360 bp segment of the e1 gene 
encodes approximately 15 kDa of non-catalytic protein and was designed to mimic the size of 
the 11.7 kDa thioredoxin fusion that resulted in successful expression of CBH1 by Laymon et 
al. (1996).  
 
Unfortunately, no cellulase activity was detected in the protein extracts taken 4 hours after 
induction. This indicated that the protein was either being expressed as insoluble inclusion 
bodies or not being successfully expressed at all.  
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The protein samples were subsequently analysed by Western blot to determine if there was 
any detectable CBH1 protein, either in soluble form or as insoluble inclusion bodies, present 
in the crude extracts. The Western blot showed no change between the samples taken just 
prior to induction and those taken 4 hours later. There was significant cross reaction of the 
polyclonal mouse anti-CBH1 antibody with the crude extracts which may have concealed 
reaction with any actual CBH1, but it was also possible that there was no protein present due 
to the action of host proteases breaking down any heterologous protein as it was formed. The 
degradation of heterologous proteins by host proteases is a problem known to occur in E. coli 
(Laymon et al., 1996).  
 
RT-PCR analysis showed that all four of the cbh1 gene constructs were being successfully 
transcribed into mRNA, so the problem appears to lie somewhere between transcription and 
translation. As with the expression of CBH1 in chloroplasts, discussed in Chapter 3, this may 
be due to differences in GC content and codon preference between the native cbh1 gene and 
native E. coli genes (Appendix 6), causing destabilisation of the mRNA before translation 
(Perlak et al., 1991). Again, modification of the coding sequence to more closely mimic that 
of the host, may result in successful prokaryotic expression. Another solution may be to use a 
more tightly regulated inducible promoter, such as tetA, that is specifically designed for use in 
the expression of toxic proteins, however, further investigation of prokaryotic expression of 
this particular enzyme is unlikely due to the fact that there have been a number of successful 
advances in the expression this enzyme in yeasts.  
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5 Chloroplast Expression of E1 
 
5.1 Introduction 
The gene encoding E1 from A. cellulolyticus has previously been successfully expressed from 
the nuclear genome of a variety of plants including A. thaliana, barley, duckweed, maize, 
potato, and tobacco (Biswas et al., 2006; Dai et al., 2000a,b; Dai et al., 2005; Jin et al., 2003; 
Sun et al., 2007; Ziegelhoffer et al., 2001; Ziegler et al., 2000).  
 
Ziegler et al. (2000) obtained nuclear-transgenic A. thaliana plants in which protein analysis 
of the leaves revealed that E1 enzyme accumulation accounted for up to 26% of the TSP. 
However, this is the only published study to have achieved such high accumulation levels of 
cellulase enzyme and may be attributable to the use of A. thaliana as the host. In transgenic 
maize plants, created using the identical expression construct, the highest protein 
accumulation achieved was only 2.1% of the TSP (Biswas et al., 2006). Most studies of E1 
expression in plants to date claim expression levels in the range of 0.24% – 2.6%.  
 
Expression levels of E1 in transgenic tobacco have generally been lower than in other species 
such as potato, maize and A. thaliana, with published protein levels in the range of  
0.25% – 1.35%. This strongly suggests that tobacco is not the ideal candidate for use as a 
bioreactor for the accumulation of E1, but it is promising that important crop species such as 
maize and potato are showing better results as these are two very common broad acre crops, 
with maize especially producing a large amount of waste cellulose. Despite the drawbacks 
associated with E1 expression levels in nuclear-transformed tobacco, it was still chosen for 
this study as it is the model plant for chloroplast transformation studies.  
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Since chloroplast transformation has the potential to achieve extremely high levels of foreign 
protein accumulation (Heifetz and Tuttle, 2001), it was thought that this may be a way to 
obtain higher E1 accumulation levels than with nuclear transformation.  
 
In regenerated shoots cultured in vitro, it was shown that expression of the catalytic domain 
only of E1 resulted in higher protein accumulation than expression of the complete enzyme 
when the protein was directed to the chloroplast or remained in the cytosol, however, there 
was no significant difference between the accumulation levels when the enzyme was directed 
to the apoplast (Ziegelhoffer et al., 2001). This effect was amplified when the plants were 
grown in soil, and became evident in the apoplast targeted transgenic plants as well, with the 
truncated version accumulating up to 1.6% of the TSP and the full length enzyme 
accumulating to only 0.45% (Ziegelhoffer et al., 2001).  Despite this, the entire enzyme was 
expressed in this study because of concerns over the potential loss of crystalline cellulose 
binding capacity in the truncated version of the E1 enzyme. Several studies have found that 
the capacity for binding to and therefore catalysing the breakdown of crystalline cellulose was 
diminished by eliminating the cellulose binding domain from cellulases (Gilad et al., 2003; 
Linder and Teeri, 1997; Srisodsuk et al., 1997) 
 
Another interesting observation of plant produced E1 is that although the full-length enzyme 
appears to be successfully expressed, it appears to degrade into its sub-units as the leaves age, 
resulting in little and in some cases no detectable full-length enzyme but a large amount of the 
catalytic domain (Dai et al., 2000a,b). It is thought that this may be due to the catalytic 
domain being resistant to proteolysis by native plant enzymes, but the linker and cellulose 
binding domains being susceptible (Dai et al., 2000a; Ziegelhoffer et al., 2001).  
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Related to this is an apparent increase in activity and protein accumulation in older leaves. 
This seems to occur only when the amount and activity of E1 is expressed against TSP, which 
most likely results in a skewing of the results brought about by the decrease in other proteins 
as the leaf senesces resulting in E1 accounting for a higher proportion of TSP. The actual 
amount of E1 is thought to remain constant, as shown by Dai et al. (2000a) when activity was 
calculated as per initial leaf weight basis instead of per TSP basis. In transgenic tobacco 
seeds, plant-expressed E1 survives desiccation as it was found that after twelve months of 
storage, the MUCase activity was approximately 48% higher than in freshly harvested seeds 
(Dai et al., 2005). This rise in activity was measured as a function of TSP so it is likely that 
the rise is attributable to the decrease in hydration and endogenous protein content, and 
consequently an increase in E1 protein in relation to total protein, rather than an actual 
increase in the activity of the enzyme after storage. This has important implications in relation 
to the survivability of E1 in broad acre crop residues as plant expressed cellulase must be able 
to survive desiccation and ambient temperature transport and storage after harvest if it is to be 
suitable for use in the fuel ethanol industry (Dai et al., 2005).  
 
This chapter describes the creation of stable tobacco chloroplast transgenic plants, harbouring 
full-length e1 gene expression cassettes under either the Prrn promoter or the T7 promoter. 
The latter transgenic material was trans-activated to induce expression using  
Agrobacterium-mediated nuclear transformation with T7 RNAP, with the polymerase being 
directed to the chloroplast by a transit peptide sequence from the small sub-unit of the 
chloroplast enzyme RUBISCO.  
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5.2 Results 
5.2.1 Preparation of e1 chloroplast expression constructs 
Two chloroplast expression constructs were assembled for e1 as outlined in Figure 5.1. One 
utilised the constitutive Prrn promoter and the other utilised the T7 promoter. They were 
otherwise identical. The e1 expression cassettes were first assembled in the plasmids 
pCGN5059 or pP5059, before being transferred to the large RUBISCO sub-unit targeted 
chloroplast homology vector, pCGN6043 (Calgene Inc.) which targets the insert DNA to the 
accD – rbcL region of the large single copy region of the chloroplast genome. This vector 
contains gene sequences from the tobacco chloroplast genome that facilitate the integration of 
DNA into the chloroplast genome through homologous recombination. The vector also carries 
the aadA gene, which confers resistance to spectinomycin and streptomycin.   
 
The 1.8 kb DNA fragment encoding the GUS gene in pCGN5059 and pP5059 was replaced 
by the full-length E1 coding region (1.6 kb) from pCGN6067 by a general cloning protocol 
using the REs NcoI and AscI. Successful replacement of the GUS gene with the e1 gene was 
confirmed by plasmid DNA isolation, RE digestion, and gel electrophoresis. The resulting 
plasmids were named pPE5059, for the construct containing the Prrn promoter, and pTE5059, 
for the construct containing the T7 promoter.  
 
The expression cassettes were transferred, from the pPE5059 and pTE5059 constructs, into 
the pCGN6043 chloroplast homology vector by a general cloning protocol using the REs 
HindIII and NotI.  
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Figure 5.1 Construction of e1 chloroplast homology vectors.  
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Successful transfer of the expression cassettes, from the pPE5059 and pTE5059 constructs to 
the pCGN6043 chloroplast homology vector backbone, was confirmed by plasmid DNA 
isolation, RE digestion, and gel electrophoresis (Figure 5.2a,b). The resulting plasmids were 
named pPE6043, for the construct containing the Prrn promoter, and pTE6043, for the 
construct containing the T7 promoter (Appendix 1). 
 
5.2.2 Regeneration after biolistic transformation 
Antibiotic selection of transgenic tissue was facilitated by incubation on MS media containing 
500 μg/mL spectinomycin.  Non-transgenic tissue began to bleach after approximately 2 to 3 
weeks (Figure 5.3a) while tissue incubated in the absence of spectinomycin regenerated 
successfully showing the formation of many shoots (Figure 5.3b).  
 
Shoots began to arise on the bombarded tissue segments approximately 6 to 12 weeks after 
the bombardment (Figure 5.3a). Following excision and transfer to fresh MS-Regeneration 
and Selection medium, these shoots continued to enlarge (Figure 5.3c), and took 
approximately 4 to 8 more weeks before they were large enough for further analysis  
(Figure 5.3d). 
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A            B  
 
Figure 5.2 Gel electrophoresis confirmations of e1 chloroplast homology vector construction.   
A Lane 1 – DNA marker GeneRuler 1kb (MBI Fermentas); Lane 2 – empty pCGN6043 chloroplast homology 
vector digested with HindIII and NotI; Lane 3 – pPE5059 cloning vector, containing the Prrn/e1chloroplast 
expression cassette, digested with HindIII and NotI; Lane 4 – pPE6043 chloroplast homology vector, containing 
the Prrn/e1 chloroplast expression cassette, digested with HindIII and NotI.  
B Lane 1 – DNA marker GeneRuler 1kb (MBI Fermentas); Lane 2 – pTE6043 chloroplast homology vector, 
containing the T7/e1 chloroplast expression cassette, digested with HindIII and NotI; Lane 3 – pTE5059 cloning 
vector, containing the T7/e1 chloroplast expression cassette, digested with HindIII and NotI; Lane 4 – empty 
pCGN6043 chloroplast homology vector digested with HindIII and NotI. 
 
 
 
 
 
< pCGN6043 backbone 
< pPE5059 backbone 
< Prrn/E1  
expression cassette
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 96 
 
A  B  
C  D  
 
Figure 5.3 Antibiotic selection and regeneration of Prrn/e1 transgenic plants.  
A Plate showing antibiotic selection and regeneration of transgenic tissue on MS regeneration medium 
containing 500 μg/mL spectinomycin.  
B Plate showing successful regeneration of tobacco tissue in the absence of spectinomycin.  
C Excised leaf segments showing successful regeneration of spectinomycin resistant tissue. 
D Out-growth of spectinomycin resistant shoot into whole plant.  
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5.2.3 Identification of transgenic material by multiplex PCR 
Transgenic plant material was identified at the callus stage by DNA extraction and PCR. A 
multiplexed PCR, containing primers for e1 and the housekeeping gene actin, was used to 
identify regenerating callus carrying e1 as against regenerating callus carrying spontaneous 
mutations conferring resistance to 500 μg/mL spectinomycin. Material carrying the e1 gene is 
clearly identified in the PCR by a band at approximately 1.6 kb while plants not carrying the 
e1 gene show only the two bands produced by the actin primers, at approximately 680 bp and 
900 bp (Figure 5.4a). Samples of the DNA extracts were also run on the gel to check 
concentration and purity (Figure 5.4b). 
 
A total of 50 masses of callus arose from 20 bombardments using the constitutive construct 
PE6043. PCR analysis identified that 13 of these masses carried e1.  For the silent, inducible 
construct TE6043, a total of 32 masses of callus arose from 10 bombardments, with PCR 
analysis identifying 6 as carrying e1.  
 
5.2.4 Southern Blot Analysis 
Southern blot analysis was used to determine the extent to which all of the chloroplasts in a 
transplastidic plant contained e1. The probe used to detect transgenic chloroplasts consisted of 
a 510 bp digoxigenin-labelled DNA fragment derived from the accD gene in the chloroplast 
genome. This gene lies adjacent to the expected site of insertion for the e1 gene and 
differentiates chloroplast DNA that contains the e1 gene, from that which contains only wild 
type chloroplast DNA, through a size difference in the fragment to which it hybridises.  
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Figure 5.4 Gel Electrophoresis of multiplex PCR tests to identify e1 transgenic plants. 
A Lane 1 – DNA marker GeneRuler 1kb (MBI Fermentas); Lanes 2-16 – products generated from the 
multiplexed PCR using e1 and actin primers on prospective PE6043 and TE6043/wild plant DNA extracts;  
Lane 17 – products generated from pPC6043 plasmid prep; Lane 18 – products generated from wild type  
N. tabacum plant DNA extract; Lane 19 – negative control reaction for the PCR; Lane 20 – DNA marker 
GeneRuler 1kb (MBI Fermentas). 
B Lane 1 – DNA marker GeneRuler 1kb (MBI Fermentas); Lanes 2-16 – purity and concentration of the DNA 
extracts from prospective PE6043 and TE6043/wild regenerated callus and shoots; Lane 17 – wild type  
N. tabacum plant DNA extract; Lane 18 – DNA marker GeneRuler 1kb (MBI Fermentas).  
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All 13 of the plants identified by PCR as carrying pPE6043 showed hybridisation with the 
accD probe at 2836 bp. Of these transplastidic plants, 11 appeared to be homoplasmic, with 
only two of the plants still showing the presence of heterologous populations of chloroplasts 
(Figure 5.5).  
 
All 6 of the plants identified by PCR as carrying pTE6043 also showed hybridisation with the 
accD probe at 2836 bp, confirming their transplastidic status, however, heterologous 
populations of untransformed and transgenic chloroplasts were observed in 4 of the 6 
transplastidic plants (Figure 5.6). Further rounds of selection and regeneration were carried 
out in an attempt to bring these plants to a homoplasmic state.  
 
5.2.5 Regeneration after Agrobacterium mediated nuclear transformation 
One of the homoplasmic transgenic plants containing the inducible chloroplast expression 
construct pTE6043, identified in the Southern blot analysis, was selected for trans-activation 
of the expression construct by Agrobacterium-mediated nuclear transformation with  
T7 RNAP. Excised leaf tissue containing the transcriptionally silent e1 gene under the  
un-induced T7 promoter was co-cultivated with A. tumefaciens strain AGL-0 harbouring the 
vector pCGN4026 to deliver the T7 RNAP gene into the nuclear genome and thus initiate 
expression of the e1 gene.  
 
Antibiotic selection of transgenic tissue was facilitated by incubation on MS medium 
containing 500 μg/mL spectinomycin, 200 μg/mL kanamycin and 150 μg/mL cefotaxime.   
Non-transgenic tissue began to bleach and shoot formation began to arise on the edges of the 
co-cultivated silent TE6043 leaf segments approximately 2 to 4 weeks after the  
co-cultivation.  
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Figure 5.5 Southern blot analysis of Prrn/e1 transgenic plants.  
Lane 1 – DNA Molecular Weight Marker III (Roche); Lanes 2-14 – products generated from SphI digest of 
PE6043 DNA extracts; Lane 15 – products generated from SphI digest of wild type N. tabacum plant DNA 
extract; Lane 16 – negative control digest; Lane 17 – DNA Molecular Weight Marker III (Roche). 
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Figure 5.6 Southern blot analysis of T7/e1 in wild type transgenic plants.  
Lane 1 – DNA Molecular Weight Marker III (Roche); Lane 2 – empty; Lanes 3-8 – products generated from 
SphI digest of TE6043 DNA extracts; Lane 9 – products generated from SphI digest of wild type N. tabacum 
plant DNA extract; Lane 10 – negative control digest; Lane 11 – DNA Molecular Weight Marker III (Roche). 
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Following excision and transfer to fresh MS-Regeneration and Selection medium, these 
shoots continued to enlarge and took approximately 4 to 8 more weeks to grow roots and 
become large enough for further analysis. Any regenerated shoots that formed roots were 
renamed TE4026 to reflect the trans-activation with the T7 RNAP gene from the vector 
pCGN4026. 
 
5.2.6 Identification of transgenic plants by multiplex PCR 
Transgenic plant material was identified by DNA extraction and PCR. A multiplexed PCR 
reaction containing primers for T7 RNAP and the housekeeping gene actin was used to 
identify kanamycin resistant shoots carrying the T7 RNAP gene as against regenerating shoots 
carrying spontaneous mutations conferring resistance to 200 μg/mL kanamycin.  
 
The shoots carrying T7 RNAP are clearly identified by a band at approximately 435 bp while 
shoots not carrying the T7 RNAP gene, show only the two bands produced by the actin 
primers, at approximately 680 bp and 900 bp (Figure 5.7). Samples of the DNA extracts were 
also run on the gel to check concentration and purity (data not shown).  
 
A total of 11 shoots that developed roots were regenerated from the co-cultivation of  
5 dissected, un-induced TE6043 leaves. Of these, 7 tested positive by PCR for the T7 RNAP 
gene (Figure 5.7).  
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Figure 5.7 Gel Electrophoresis of PCR tests to identify T7/e1 transgenic plants.  
Lane 1 – DNA marker GeneRuler 1kb (MBI Fermentas); Lanes 2-12 – products generated from the multiplexed 
PCR using T7 RNAP and actin primers on prospective TE4026 plant DNA extracts; Lane 13 – negative control 
for the PCR; Lane 14 – products generated from the TEwild parent plant DNA extract; Lane 15 – products 
generated from the wild type N. tabacum plant DNA extract; Lane 16 – positive control band from pCGN4026 
plasmid; Lane 17 – DNA marker GeneRuler 1kb (MBI Fermentas).  
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5.2.7 Abnormal morphology in transgenic plants 
Some of the plants regenerated after nuclear transformation with the T7 RNAP gene, to  
trans-activate the previously silent plastid-borne T7/e1 expression cassette, showed normal 
morphology compared to wild type N. tabacum cv. Petit Havana, while two, namely  
TE4026-3 and TE4026-7, showed severely abnormal morphology in the form of severe 
growth retardation and distorted, pale green dappled leaves (Figure 5.8).  
 
5.2.8 Western blot analysis of E1 protein production 
Western blot analysis of protein extracts from the Prrn/e1 transplastidic plants was carried out 
with monoclonal antisera raised in mouse against A. cellulolyticus E1 (Figure 5.9). A reactive 
band is clearly visible at 65.7 kDa. This corresponds to the expected full length E1 product.  
A second clearly reactive band is visible at 46.6 kDa. This corresponds to the expected size of 
the catalytic domain of the E1 product.  
 
Western blot analysis of protein extracts from the T7/e1 transplastidic plants was carried out 
with monoclonal antisera raised in mouse against A. cellulolyticus E1 (Figure 5.10). A faint 
reactive band is visible at 65.7 kDa. This corresponds to the expected full length E1 product. 
A clearly reactive band is visible at 46.6 kDa. This corresponds to the expected size of the 
catalytic domain of the E1 product. Other reactive bands are visible at approximately  
19.2 kDa and 12.6 kDa. These bands correspond to the expected sizes of the cellulose binding 
domain with attached linker peptide and the cellulose binding domain respectively. The two 
plants that showed the morphological abnormalities outlined in Section 5.2.8 were the only 
two plants to show detectable expression of E1 on Western blot analysis.  
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A  B   
C   
D  
Figure 5.8 Morphological abnormalities displayed by plants expressing T7 RNAP.  
A Plant TE4026-3 showing severe morphological abnormalities 
B Plant TE4026-7 showing mild morphological abnormalities 
C Parent TE6043 plant showing normal growth 
D Comparison of leaves of identical age from the three plants 
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Figure 5.9 Western blot analysis of proteins from Prrn/e1 transgenic plants. 
A Lane 1 – Protein Molecular Weight Marker SeeBlue® Plus2 Pre-Stained Standard (Invitrogen); Lane 2 – 
Purified E1 Standard; Lane 3 – wild type N. tabacum protein extract; Lanes 4 – PE6043-23 protein extract;  
Lane 5 – PE6043-25 protein extract; Lane 6 – PE6043-29 protein extract; Lane 7 – PE6043-34 protein extract; 
Lane 8 – PE6043-40 protein extract.  
B Lane 1 – Protein Molecular Weight Marker SeeBlue® Plus2 Pre-Stained Standard (Invitrogen); Lane 2 – 
Purified E1 Standard; Lane 3 – wild type N. tabacum protein extract; Lanes 4 – PE6043-43 protein extract;  
Lane 5 – PE6043-44 protein extract; Lane 6 – PE6043-46 protein extract; Lane 7 – PE6043-48 protein extract; 
Lane 8 – PE6043-49 protein extract.  
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Figure 5.10 Western blot analysis of proteins from T7/e1 transgenic plants. 
A Lane 1 – Protein Molecular Weight Marker SeeBlue® Plus2 Pre-Stained Standard (Invitrogen); Lane 2 – 
Purified E1 Standard; Lane 3 – wild type N. tabacum protein extract; Lanes 4 – TE6043/wild protein extract; 
Lane 5 – TE4026-1 protein extract; Lane 6 – TE4026-2 protein extract; Lane 7 – TE4026-3 protein extract;  
Lane 8 – TE4026-4 protein extract; Lane 9 – TE4026-5 protein extract; Lane 10 – TE4026-6 protein extract. 
B Lane 1 – Protein Molecular Weight Marker SeeBlue® Plus2 Pre-Stained Standard (Invitrogen); Lane 2 – 
Purified E1 Standard; Lane 3 – wild type N. tabacum protein extract; Lanes 4 – TE6043/wild protein extract; 
Lane 5 – TE4026-7 protein extract; Lane 6 – TE4026-8 protein extract; Lane 7 – TE4026-9 protein extract;  
Lane 8 – TE4026-10 protein extract; Lane 9 – TE4026-11 protein extract.  
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5.2.9 Analysis of enzyme activity and protein accumulation levels 
The enzyme activity of TSP extracts of leaves taken from both the Prrn/e1 and T7/e1 
transgenic plants in tissue culture was measured using the fluorogenic substrate analogue 
MUC.  
 
The MUCase activity for the extracts from plants containing the e1 gene expressed under the 
constitutive promoter, Prrn, ranged from a minimum of 383 ± 76 pmol 4-MU/mg TSP/min 
with an E1 protein accumulation level of 0.01% ± 0.01 of the TSP, to a maximum of  
1491 ± 19 pmol 4-MU/mg TSP/min with an E1 protein accumulation level of 0.21% ± 0.00 of 
the TSP. The extract from the wild type control plant showed MUCase activity of  
212 ± 85 pmol 4-MU/mg TSP/min with an E1 protein accumulation level of -0.01% ± 0.01 of 
the TSP (Table 5.1).  
 
The MUCase activity for the extracts from plants containing the e1 gene expressed under the 
trans-activated promoter, T7, were more varied, ranging from a minimum of  
-615 ± 268 pmol 4-MU/mg TSP/min with an E1 protein accumulation level of -0.12% ± 0.03 
of the TSP, to a maximum of 3122 ± 466 pmol 4-MU/mg TSP/min, with an E1 protein 
accumulation level of 0.35% ± 0.06 of the TSP. The un-induced transgenic parent plant 
showed MUCase activity of -78 ± 91 pmol 4-MU/mg TSP/min with an E1 protein 
accumulation level of -0.06% ± 0.01 of the TSP (Table 5.2 and Table 5.3). The only two 
plants to show significant cellulase enzyme activity were the same two plants that showed 
detectable E1 expression on Western blot analysis, namely TE4026-3 and TE4026-7.
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Table 5.1 MUC assay data from constitutive plastid expression.  
Plant ID 
Raw 
Fluorescence  
Background 
Fluorescence  Fluorescence pmol 4-MU/mg TSP/min
Average 
Standard 
Deviation % TSP 
Average 
Standard 
Deviation 
PE23 3571 1892 1679 1490 1482 ± 138 0.21 0.21 ± 0.02 
 3770 1892 1878 1672  0.24  
 1935 347 1588 1406  0.19  
 1885 347 1538 1360  0.19  
PE25 871 147 724 613 552 ± 127 0.06 0.04 ± 0.02 
 968 147 821 702  0.07  
 621 76 545 449  0.03  
 616 76 540 444  0.03  
PE29 1498 211 1287 1130 803 ± 395 0.15 0.09 ± 0.07 
 1530 211 1319 1159  0.15  
 800 231 569 471  0.03  
 780 231 549 453  0.03  
PE34 555 152 403 319 383 ± 76 0.00 0.01 ± 0.01 
 553 152 401 317  0.00  
 700 146 554 457  0.03  
 681 146 535 440  0.02  
PE40 1232 442 790 674 615 ± 78 0.07 0.06 ± 0.01 
 1208 442 766 652  0.06  
 812 65 747 634  0.06  
 666 65 601 500  0.04  
PE43 2088 527 1561 1381 1226 ± 401 0.19 0.16 ± 0.07 
 2456 527 1929 1719  0.25  
 1627 640 987 855  0.10  
 1730 640 1090 949  0.11  
PE44 1992 297 1695 1504 1491 ± 19 0.21 0.21 ± 0.00 
 1962 297 1665 1477  0.21  
PE46 2907 1419 1488 1314 1158 ± 211 0.18 0.15 ± 0.04 
 2946 1419 1527 1350  0.18  
 1403 192 1211 1060  0.13  
 1237 192 1045 908  0.11  
PE48 1386 767 619 517 875 ± 431 0.04 0.10 ± 0.08 
 1369 767 602 501  0.04  
 2494 1195 1299 1141  0.15  
 2714 1195 1519 1343  0.18  
PE49 875 276 599 498 1049 ± 660 0.04 0.13 ± 0.12 
 833 276 557 460  0.03  
 2456 562 1894 1687  0.24  
 2307 562 1745 1550  0.22  
Wild 438 76 362 281 212 ± 85 0.00 -0.01 ± 0.01 
 449 76 373 291  0.00  
 350 147 203 135  -0.03  
 358 147 211 142  -0.03  
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Table 5.2 MUC assay data from trans-activated plastid expression.  
Plant ID 
Raw  
Fluorescence  
Background 
Fluorescence  Fluorescence pmol 4-MU/mg TSP/min
Average 
Standard 
Deviation % TSP 
Average 
Standard 
Deviation 
TE1 4252 4613 -361 -383 -615 ± 268 -0.09 -0.12 ± 0.03 
 4311 4756 -445 -460  -0.10  
 3319 4385 -1066 -1030  -0.18  
 3487 4360 -873 -853  -0.15  
 4130 4499 -369 -390  -0.10  
 4179 4750 -571 -575  -0.12  
TE2 1052 831 221 151 47 ± 110 -0.03 -0.04 ± 0.01 
 1110 883 227 157  -0.03  
 831 703 128 66  -0.04  
 883 750 133 71  -0.04  
 703 776 -73 -118  -0.06  
 750 746 4 -48  -0.05  
TE3 5911 2009 3902 3530 3122 ± 466 0.40 0.35 ± 0.06 
 5990 2088 3902 3530  0.40  
 4543 1743 2800 2519  0.27  
 4684 1734 2950 2656  0.29  
 5707 1822 3885 3515  0.40  
 5132 1826 3306 2983  0.33  
TE4 2053 2130 -77 -122 -181 ± 204 -0.06 -0.07 ± 0.03 
 2146 2151 -5 -56  -0.05  
 1482 1879 -397 -416  -0.10  
 1570 2002 -432 -448  -0.10  
 1795 1854 -59 -106  -0.06  
 1905 1785 120 59  -0.04  
TE5 1394 1220 174 108 86 ± 51 -0.03 -0.03 ± 0.01 
 1348 1098 250 178  -0.02  
 1208 1083 125 63  -0.04  
 1200 1070 130 68  -0.04  
 1193 1063 130 68  -0.04  
 1190 1099 91 32  -0.04  
TE6 3077 3410 -333 -357 -292 ± 85 -0.09 -0.08 ± 0.01 
 2898 3227 -329 -353  -0.09  
 2651 2880 -229 -262  -0.08  
 2852 2948 -96 -139  -0.06  
 2920 3177 -257 -287  -0.08  
 2840 3168 -328 -352  -0.09  
TE7 4948 2556 2392 2144 2227 ± 240 0.23 0.24 ± 0.03 
 5102 2600 2502 2245  0.24  
 4561 2453 2108 1883  0.19  
 4798 2431 2367 2121  0.22  
 5339 2471 2868 2581  0.28  
 5313 2654 2659 2389  0.26  
TE8 1452 1282 170 105 91 ± 88 -0.03 -0.03 ± 0.01 
 1533 1310 223 153  -0.03  
 1270 1267 3 -49  -0.05  
 1358 1203 155 91  -0.03  
 1507 1228 279 205  -0.02  
 1374 1273 101 41  -0.04  
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Table 5.3 MUC assay data from trans-activated plastid expression.  
Plant ID 
Raw  
Fluorescence  
Background 
Fluorescence  Fluorescence pmol 4-MU/mg TSP/min
Average 
Standard 
Deviation % TSP 
Average 
Standard 
Deviation 
TE9 2385 2378 7 -45 -25 ± 63 -0.05 -0.05 ± 0.01 
 2354 2375 -21 -71  -0.05  
 2076 2040 36 -18  -0.05  
 2229 2069 160 95  -0.03  
 2114 2142 -28 -77  -0.06  
 2115 2098 17 -36  -0.05  
TE10 3976 3986 -10 -61 -164 ± 183 -0.05 -0.07 ± 0.02 
 3818 3896 -78 -123  -0.06  
 3300 3291 9 -43  -0.05  
 3167 3528 -361 -383  -0.09  
 3090 3470 -380 -400  -0.10  
 3555 3468 87 28  -0.04  
TE11 1087 807 280 206 130 ± 71 -0.02 -0.03 ± 0.01 
 1080 772 308 231  -0.02  
 877 759 118 57  -0.04  
 899 729 170 105  -0.03  
 945 790 155 91  -0.03  
 939 784 155 91  -0.03  
TE 2202 2087 115 54 -78 ± 91 -0.04 -0.06 ± 0.01 
 1899 2063 -164 -202  -0.07  
 1948 2056 -108 -151  -0.06  
 1943 1912 31 -23  -0.05  
 1996 2002 -6 -57  -0.05  
 1957 1998 -41 -89  -0.06  
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5.3 Discussion 
Modern biolistic transformation techniques, and the inclusion of the aadA gene to facilitate 
the selection of transgenic tissue through spectinomycin resistance, have resulted in 
chloroplast transformation frequencies of approximately one transformation event per 
bombardment (Svab and Maliga, 1993; Zoubenko et al., 1994).  
 
The microprojectile bombardment of wild type N. tabacum cv. Petit Havana with the 
constitutively expressed pPE6043 and the inducible pTE6043 chloroplast expression 
cassettes, and the subsequent incubation of tissue on selective regeneration medium 
containing 500 μg/mL spectinomycin, resulted in the regeneration of resistant callus tissue 
and shoots. This regenerating tissue was screened for the presence of the transgene by PCR 
and transformation efficiencies similar to previous studies (Svab and Maliga, 1993; Zoubenko 
et al., 1994) were demonstrated. For the construct containing the e1 gene under the 
constitutive Prrn promoter, 13 transgenic plants were recovered from 20 bombardments, 
while for the construct containing the  transcriptionally silent e1 gene under the un-induced 
T7 promoter, 6 transgenic plants were recovered from 10 bombardments.  
 
There were a number of non-transgenic spectinomycin resistant shoots generated along with 
the actual transgenic tissue. This phenomenon has been reported before (Joersbo et al., 1998; 
Vengadesan et al., 2005; Zhang et al., 2000). It was found that by subculturing the material 
onto fresh medium every 14 days or less the number of non-transgenic, spectinomycin 
resistant shoots was reduced. The ratio of true transgenic tissue to spontaneous spectinomycin 
resistant mutants was 13:50 for the constitutive construct pPE6043 and 6:32 for the inducible 
construct pTE6043.  
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The 8-12 week time frame for the initial regeneration of transgenic, spectinomycin resistant 
tissue after bombardment is in keeping with the expected time frame for regeneration using 
spectinomycin selection, however, much of the regenerating tissue from the bombardments 
first formed large masses of callus tissue, which subsequently took up to 3 more months to 
form shoots. This abnormality has been observed before in nuclear transgenic plants (Haseloff 
and Amos, 1995; Magee et al., 2007; Magee et al., 2004) and is thought to be attributable to 
interference with shoot development resulting from high-level expression of foreign proteins 
during the early stages of regeneration. Whole transgenic tobacco plants expressing E1, with 
normal morphology, were eventually recovered, but some continued to develop clusters of 
callus tissue at the base of the stem while in tissue culture. This indicates that unregulated 
expression of the cellulase enzyme E1, in chloroplasts of tobacco during early regeneration 
stages may have a sub-lethal, deleterious effect on the growth and development of the plants. 
This may be attributable to repression of endogenous mRNA associated with chloroplast 
development or interference with the photosystems. Since both the chloroplast envelope and 
thylakoid membranes are composed of mainly glycolipids and galactolipids (DeGray et al., 
2001), it is possible that either the catalytic crevice of the E1 enzyme, which recognises  
β-1,4 glycosidic bonds, or the cellulose binding domain, may be either partially or fully 
recognising and binding to these membranes and somehow interfering with vital host 
functions.  
 
The trans-activation of the TE6043 transgenic material, by co-cultivation with A. tumefaciens 
harbouring a binary vector to deliver the T7 RNAP gene into the nuclear genome, yielded  
7 shoots that tested positive for T7 RNAP by PCR. The other shoots are likely to be ‘escapes’ 
from kanamycin selection.  
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Two of the trans-activated TE4026 plants, TE4026-3 and TE4026-7, showed significant 
morphological abnormalities in the form of leaf speckling and distortion. This is known to 
occur when T7 RNAP is expressed at a very high level. High level expression of T7 RNAP in 
the very early developmental stages, such as during the regeneration of plants after 
transformation, has been shown to interfere with the expression of essential chloroplast genes 
both in the chloroplast genome and in the nuclear genome (Magee et al., 2004; Magee et al., 
2007).  
 
Alternative methods of trans-activation of plastid-borne transgenes, such as utilising the  
E. coli lactose repressor, or a CRE site-specific recombination system, are being developed 
and offer a potential solution to the problems associated with T7 RNAP trans-activation (Kato 
et al., 2007; Mühlbauer and Koop, 2005; Tungsuchat et al., 2006).  
 
The E. coli lactose repressor system is based on the blocking of transcription initiation by 
engineering a binding site for the bacterial lac repressor upstream of the chloroplast encoded 
Prrn promoter. Transcription is initiated by spraying plants with IPTG, which binds to the lac 
repressor, changing its conformation and causing its dissociation from the Prrn promoter 
sequence, thereby allowing transcription to proceed (Kato et al., 2007; Mühlbauer and Koop, 
2005).  
 
The CRE site-specific recombination system is based on the insertion of the gene of interest 
into the chloroplast genome downstream of the aadA gene that confers spectinomycin 
resistance used in the selection of transgenic tissue. The aadA gene is flanked by loxP sites to 
facilitate its excision by the CRE, and the gene of interest lacks an initiation codon. Prior to 
activation, the gene of interest is transcribed into mRNA as read-through from the 
transcription of aadA, but it is not translated due to the absence of the AUG translation 
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initiation codon. Activation causes the excision of the aadA gene, thereby linking the gene of 
interest’s sequence up with the initiation codon previously used for the aadA gene, thus 
enabling translation to begin (Tungsuchat et al., 2006).  
 
All of the constitutively expressed PE6043 transplastidic plants showed detectable E1 protein 
on a Western blot. The protein extracts showed a distinctly reactive band corresponding to the 
expected size of the E1 catalytic domain, and several of them also showed a faint band 
corresponding to the expected size of the full length E1 protein. This indicates that E1 is 
subject to some in vivo degradation when expressed in tobacco chloroplasts. This finding is in 
keeping with previous studies using tobacco plants expressing E1 from the nuclear genome 
that have found that successfully expressed full-length E1 either partially or totally degrades 
into its sub-units in vivo (Dai et al., 2000a).  
 
Only 2 of the 7 confirmed, trans-activated TE4026 plants, identified by PCR as carrying the 
T7 RNAP gene, showed detectable E1 protein on a Western blot. One explanation for this is 
that with nuclear transformation, the site of transfer-DNA integration is random and can have 
a huge effect on transgene expression levels. For example, if the transfer-DNA is integrated 
into a chromatin region that is not transcribed, then the gene is effectively ‘silenced’, whereas 
if the transfer-DNA is integrated into a region close to an enhancer sequence, or a region of 
highly expressed genes, then the transgene may exhibit very high expression levels. There are 
several other mechanisms of gene silencing, including those occurring at a  
post-transcriptional stage, and these are known to affect both native and introduced genes 
(English et al., 1996). For this reason it is common to have to screen dozens of transgenic 
plants to find lines expressing the transgene to the desired level.   
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The 2 successfully transformed plants were the same ones that showed the growth 
abnormalities presumed to be associated with high-level expression of T7 RNAP. On Western 
blot, these plants both showed a very strong reactive band corresponding to the expected size 
of the E1 catalytic domain, a very faint band corresponding to the expected size of the full 
length E1 protein and smaller products corresponding to the expected sizes of the cellulose 
binding domain with attached linker peptide and the cellulose binding domain alone. As with 
the constitutively expressed E1, this indicates that some degradation of the originally  
full-length E1 product occurred in vivo.  
 
The transgenic plant TE4026-3, which showed the highest E1 protein accumulation, at  
0.35% ± 0.05 of the TSP, was the plant that showed the most severe growth abnormalities. 
This plant had small, narrow, distorted leaves that had a pale green speckled appearance 
which may be attributable to a disruption in chloroplast development and differentiation. The 
transgenic plant TE4026-7, which showed the second highest E1 protein accumulation, at 
0.24% ± 0.03 of the TSP, showed similar growth abnormalities of narrow, distorted, speckled 
leaves, but the abnormalities were not as severe. A better method for producing these plants 
would have been to introduce the chloroplast transformation vector into a stably transformed, 
nuclear transgenic plant, expressing T7 RNAP and exhibiting no morphological 
abnormalities, but such a plant line was not available for this study. 
 
For the plastid transgenic plants generated in this study, those constitutively expressing E1 
under the Prrn promoter showed a catalytic activity against the fluorogenic substrate analogue 
MUC of between 383 and 1491 pmol 4-MU/mg TSP/min with E1 protein accumulation of 
between – 0.01% and 0.21% of the TSP, while the trans-activated T7 plants showed a 
catalytic activity against the fluorogenic substrate analogue MUC of between  
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-615 pmol 4-MU/mg TSP/min and 3122 pmol 4-MU/mg TSP/min with E1 protein 
accumulation of between -0.12% and 0.35% of the TSP. This translates to a 109% increase in 
activity and a 67% increase in accumulation levels for enzyme expressed under the T7 
promoter, over that achieved by expressing the enzyme under the constitutive Prrn promoter.  
The maximum accumulation level of 0.21% of the TSP for the full-length E1 enzyme 
expressed under Prrn shows a 349-fold increase over the cytosolic accumulation level of 
0.0006%, and a 299-fold increase over the chloroplast targeted accumulation level of 
0.0007%, reported by Ziegelhoffer et al. (2001). However, this is not as high as the 0.33% of 
the TSP reported for the apoplast targeted enzyme. For the full-length E1, expressed under the 
T7 promoter, the maximum accumulation level of 0.35% of the TSP shows a 582-fold 
increase over the cytosolic accumulation levels of 0.0006% of the TSP, a 499-fold increase 
over the chloroplast targeted accumulation level of 0.0007% of the TSP, and a 0.06-fold 
increase over the apoplast targeted accumulation level of 0.33% of the TSP, reported by 
Ziegelhoffer et al. (2001).  
 
The other major tobacco expression study conducted by Dai et al. (2000a) reported a 
maximum chloroplast targeted, full length E1 accumulation level of 1.35% of the TSP, which 
far exceeds both the 0.21% constitutively expressed accumulation level, and the 0.35% T7 
RNAP expressed accumulation level achieved in this study. Interestingly though, the MUCase 
activity level of 2756.3 pmol 4-MU/mg TSP/min achieved by Dai et al. (2000a) is very 
similar to the 3122 ± 466 pmol 4-MU/mg TSP/min achieved by the T7 RNAP expressed 
enzyme in this study despite there being 1% less E1 representation in the TSP. A possible 
explanation for this discrepancy is that the leaf material taken from tissue culture to be used 
for the protein assays in this study was very young, being the apical leaves that were less than 
2 weeks old and not even fully expanded. It has been shown that the age of the tissue has an 
impact on the proportion of E1 when measured against TSP due to the fact that the 
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endogenous proteins degrade as the leaf ages, while at least the catalytic domain of the E1 
seems to be resistant to such degradation (Dai et al., 2000a). The only solution is to express 
the percentage representation of E1 as a proportion of the fresh leaf weight, as shown by  
Dai et al. (2000a), but since this is the only study to have done this it is not possible to 
compare such a measurement to any other published results. Unfortunately time constraints 
prevented the evaluation of older leaf tissue from the plants generated in this section of this 
study, but data collected in Chapter 6 of this study suggests that E1 continues to accumulate 
as the leaf ages.  
 
Overall, this study has shown that when E1 is expressed by the single copy region of the 
chloroplast genome under the control of the constitutive promoter Prrn, the accumulation 
level of 0.21% of the TSP is lower than the 1.35% of the TSP achieved by Dai et al. (2000a) 
using nuclear-borne transgenes. Expression of E1 from the chloroplast genome, under the 
control of a trans-activated T7 promoter, gave better results with the total accumulation level 
reaching 0.35% of the TSP. Interestingly, this enzyme showed a similar activity level against 
the soluble fluorogenic substrate analogue MUC, as that exhibited by the enzyme produced by 
Dai et al. (2000a) which accounted for 1.35% of the TSP. This discrepancy is thought to be 
attributable to differences in the age of the tissue resulting in differences in the native soluble 
protein content of the leaf extracts rather than an actual difference in the amount of E1 in the 
extracts.  
 
The results generated in this study are similar to those generated by others using nuclear 
transformation, but the plants generated in this study have the additional attribute of gene 
containment due to the nature of chloroplast genetic inheritance. This is an attractive attribute, 
especially for broad-acre crop plants, in light of the concern over gene escape through  
cross-pollination with wild weedy relatives.  
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Expression of E1 from the chloroplast genome of tobacco has been shown to be a viable 
option for the production of this cellulase, but the accumulation levels achieved in this study 
are not as high as were anticipated. One possible reason for this, as discussed earlier, may be 
the age of the leaf tissue assayed. Future studies should aim to assay leaf tissue of a specific 
age or to express the cellulase content as a fraction of fresh leaf weight rather than as a 
percentage of total soluble protein. Another reason for the low expression levels may be that 
the technology of chloroplast transformation is still in the developmental stages, with its use 
being restricted to only a handful of laboratories worldwide. As yet, there are no 
commercially available chloroplast transformation vectors and the protocols for 
transformation and regeneration are not yet widely tested and optimised. It is possible that 
through improved vector design, the expression and accumulation levels could be improved. 
Perhaps the use of stronger promoters, better ribosome binding sites, or the insertion of the 
gene into the inverted repeat region of the chloroplast genome instead of the single insert into 
the large single copy region facilitated by the vector used in this study would result in even 
higher levels of cellulase accumulation. Alternatively, the use of N-terminal extension or 
modification has also been shown to improve protein accumulation levels for chloroplast 
transgenes (Herz et al., 2005). The chloroplast homology vector used in this study was 
originally designed for the delivery of the gus gene into the chloroplast genome and therefore 
may not be ideal for the delivery of e1 or other cellulases. Future studies should attempt to 
optimise the vector design for cellulase genes.  
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6 Dual-transgenic N. tabacum plants carrying both an apoplast-targeted 
nuclear-expressed e1 gene and a chloroplast-expressed e1 gene 
 
6.1 Introduction 
To date, the targeting of nuclear-expressed cellulases to the apoplast or chloroplast for 
accumulation has achieved the highest levels of enzyme accumulation in plant tissue.  
Dai et al. (2000b) achieved accumulation levels in potato of up to 2.6%, and in tobacco of up 
to 1.35%, of total soluble leaf protein using a construct where the E1 was targeted to the 
chloroplast for accumulation after being expressed by the nuclear genome under the control of 
the tomato RbcS-3C promoter, alfalfa mosaic virus 5’ untranslated leader, and the RUBISCO 
small sub-unit RbcS-2A signal peptide.  
 
In tobacco, Ziegelhoffer et al. (2001) reported accumulation levels of up to 0.4% of TSP in 
tissue culture grown material, and up to 1.6% in soil grown plants, when the E1 catalytic 
domain was expressed as a fusion with the VSPβ leader, which targeted the protein to the 
apoplast. The same study reported accumulation levels, for enzyme targeted to the 
chloroplast, of 0.06% of TSP for tissue culture material and 0.45% of TSP for soil grown 
material. Interestingly, the chloroplast targeted enzyme also appeared in the apoplast and 
cytosolic fractions indicating that although the protein was being correctly localised to the 
chloroplast, it was also leaking into the other sub-cellular compartments. It has been 
elucidated that the lack of a specific retention signal may be responsible for such leakage 
occurring through the bulk flow pathway (Denecke et al., 1999), however, the RbcS-2A 
signal peptide is reported to be effective in targeting and maintaining retention of protein  
(Dai et al., 2005).  
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The study with the highest in planta accumulation level of E1 enzyme was that published by 
Ziegler et al. (2000). Using an expression construct consisting of the cauliflower mosaic virus 
35S promoter, the tobacco mosaic virus Ω translational enhancer, the tobacco Pr1a signal 
peptide, the A. cellulolyticus E1 catalytic domain coding region, and the polyadenylation 
signal of nopaline synthase, they reported accumulation levels of up to 26% of the TSP in  
A. thaliana leaves. Unfortunately, using the same construct in maize, Biswas et al. (2006) 
reported that only 2.1% of the TSP was E1, so it may be that the astonishing accumulation 
levels reported by Ziegler et al. (2000) are an artefact of using A. thaliana as the host.  
 
In this study, it was hypothesised that by combining the technologies of apoplast-targeted 
nuclear expression with the chloroplast expression of E1 discussed in Chapter 5, in a single 
plant, the total heterologous cellulase protein accumulation levels could be increased even 
further than those achieved to date.   
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6.2 Results 
6.2.1 Regeneration after biolistic transformation 
Nuclear-transgenic N. tabacum cv. Petit Havana plant material in tissue culture was 
generously provided by Dr. G. Nugent (RMIT University). These plants were expressing the 
catalytic domain of E1 from A. cellulolyticus under the tobacco rbcS promoter and the  
A. tumefaciens nos terminator, with the product being directed to the apoplast by the tobacco 
Pr1a signal sequence. This material is referred to as ‘apoE1cat’.  
 
Five fully expanded leaves from the nuclear transgenic apoE1cat plants were bombarded with 
the constitutively expressed full-length e1 construct pPE6043. Regeneration and selection of 
transgenic tissue was facilitated by incubation on MS medium containing 500 μg/mL 
spectinomycin, 200 μg/mL kanamycin and 150 μg/mL cefotaxime.   
 
Non-transgenic tissue began to bleach after approximately 2 to 6 weeks, while tissue 
incubated in the absence of spectinomycin regenerated successfully showing the formation of 
many shoots. Clusters of callus tissue began to arise on the bombarded tissue segments 
approximately 6 to 12 weeks after the bombardment. Following excision and transfer to fresh 
MS-Regeneration and Selection medium, these clusters of callus continued to enlarge, and 
took approximately 6 to 8 more weeks to produce shoots. 
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6.2.2 Identification of transgenic plants by PCR  
Transgenic tissue was identified at the callus stage by DNA extraction and PCR. A PCR 
containing primers for the full-length e1 gene was used to identify regenerating callus 
carrying the full-length e1 gene as against regenerating callus carrying spontaneous mutations 
conferring resistance to 500 μg/mL spectinomycin. The plants carrying the full-length e1 gene 
are clearly identified by a band at approximately 1.6 kb. Of the 6 shoots regenerated from the 
5 bombardments, 2 tested positive for full-length e1 by PCR (Figure 6.1). 
 
6.2.3 Southern Blot Analysis 
Southern blot analysis was used to determine the extent to which all of the chloroplasts in a 
transplastidic plant contained full-length e1. The probe used to detect transgenic chloroplasts 
consisted of a 510 bp digoxigenin-labelled DNA fragment derived from the accD gene in the 
chloroplast genome. This gene lies adjacent to the expected site of insertion for the e1 gene 
and differentiates chloroplast DNA that contains the e1 gene, from that which contains only 
wild type chloroplast DNA, through a size difference in the fragment to which it hybridises. 
 
Both of the plants identified by PCR as containing pPE6043 showed a band that hybridised 
with the accD probe at 2836 bp, however, both transplastidic plants still showed the presence 
of heterologous populations of transgenic and wild-type chloroplasts by the presence of a 
second hybridising band at 2409 bp (Figure 6.2). 
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Figure 6.1 Gel Electrophoresis of PCR tests to identify e1 transgenic plants.  
Lane 1 – DNA marker GeneRuler 1kb (MBI Fermentas); Lanes 2-7 – products generated from the PCR using e1 
primers on prospective PEapo plant DNA extracts; Lane 8 – negative control for the PCR; Lane 9 – products 
generated from wild type N. tabacum plant DNA extract; Lane 10 – products generated from pPE6043 plasmid 
prep; Lane 11 – DNA marker GeneRuler 1kb (MBI Fermentas).  
* unnecessary lanes have been cropped from this gel picture.  
 
 
< 1.6 kb 
    1         2         3         4         5        6         7        8        9        10       11  
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Figure 6.2 Southern blot analysis of Prrn/e1-apoE1cat transgenic plants.  
Lane 1 – DNA Molecular Weight Marker III (Roche); Lane 2 – negative control digest; Lane 3 – products 
generated from SphI digest of wild type N. tabacum plant DNA extract; Lanes 4-5 – products generated from 
SphI digest of PEapoE1cat DNA extracts. 
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6.2.4 Western blot analysis of protein production 
Western blot analysis of TSP extracts of tissue culture grown leaves of identical age, taken 
from both the dual transgenic Prrn/e1-apoE1cat  and the parent nuclear apoE1cat transgenic 
plants was carried out with monoclonal antisera raised in mouse against A. cellulolyticus E1 
(Figure 6.3). A reactive band is clearly visible at 46.6 kDa in all three samples. This band 
corresponds to the catalytic domain of the E1 enzyme. Two other reactive bands are visible in 
the samples taken from the dual transgenic plants, one at 65.7 kDa and another at 12.6 kDa. 
These correspond to the expected sizes of full-length E1 enzyme and the cellulose binding 
domain of E1 respectively.  
 
6.2.5 Analysis of enzyme activity and protein accumulation levels 
The enzyme activity of TSP extracts of tissue culture grown leaves of identical age, taken 
from both the dual transgenic Prrn/e1-apoE1cat  and the parent nuclear apoE1cat transgenic 
plants, was measured using the fluorogenic substrate analogue MUC. 
 
The MUCase activity for the extract from the first Prrn/e1-apoE1cat plant was  
35706 ± 955 pmol 4-MU/mg TSP/min with an E1 protein accumulation level of 4.78% ± 0.13 
of the TSP, while the MUCase activity for the extract from the second Prrn/e1-apoE1cat 
plant was 31774 ± 1451 pmol 4-MU/mg TSP/min with an E1 protein accumulation level of 
4.25% ± 0.19 of the TSP. The MUCase activity for the extract from the parent apoE1cat plant 
was 22016 ± 3017 pmol 4-MU/mg TSP/min with an E1 protein accumulation level of  
2.95% ± 0.40 of the TSP (Table 6.1).  
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Figure 6.3 Western blot analysis of proteins from Prrn/e1-apoE1cat transgenic plants. 
Lane 1 – Protein Molecular Weight Marker SeeBlue® Plus2 Pre-Stained Standard (Invitrogen); Lane 2 – empty; 
Lane 3 – wild type N. tabacum protein extract; Lanes 4 – apoE1cat protein extract; Lane 5 – PEapoE1cat-2 
protein extract; Lane 6 – PEapoE1cat-6 protein extract.  
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Table 6.1 MUC assay data from dual nuclear – plastid expression.  
Plant ID 
Raw 
Fluorescence 
Background 
Fluorescence Fluorescence pmol 4-MU/mg TSP/min
Average 
Standard 
Deviation % TSP 
Average 
Standard 
Deviation 
PEapo2 30961 2331 28630 33912 35706 ± 955 4.54 4.78 ± 0.13 
 31594 2219 29375 34810  4.66  
 32305 1856 30449 36105  4.83  
 32782 1798 30984 36751  4.91  
 31771 1678 30093 35676  4.77  
 32576 1859 30717 36429  4.87  
 31893 1937 29956 35511  4.75  
 32623 1886 30737 36453  4.87  
PEapo6 31344 3721 27623 32698 31774 ± 1451 4.37 4.25 ± 0.19 
 32585 3719 28866 34197  4.57  
 29187 2524 26663 31541  4.22  
 28310 2945 25365 29976  4.01  
 28305 2778 25527 30171  4.04  
 28783 2820 25963 30697  4.11  
 30427 2858 27569 32633  4.37  
 30168 2892 27276 32280  4.32  
apoE1cat 22302 465 21837 25722 22016 ± 3017 3.45 2.95 ± 0.40 
 23903 475 23428 27640  3.70  
 18375 402 17973 21063  2.83  
 18323 415 17908 20985  2.81  
 18524 417 18107 21224  2.85  
 18186 441 17745 20788  2.79  
 17086 427 16659 19479  2.61  
 16881 432 16449 19225  2.58  
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6.3 Discussion 
The microprojectile bombardment of nuclear transgenic N. tabacum cv. Petit Havana plants 
expressing the catalytic domain of e1 targeted to the apoplast for accumulation with the 
constitutively expressed PE6043 chloroplast expression cassette, and the subsequent 
incubation of tissue on selective regeneration medium containing 500 μg/mL spectinomycin, 
200 μg/mL kanamycin and 150 μg/mL cefotaxime, resulted in the regeneration of resistant 
callus and shoots. This regenerating tissue was screened for the presence of the desired 
transgene by PCR and 2 transgenic plants were recovered from 10 bombardments. This 
transformation efficiency is quite low, compared to approximately 6/10 efficiency for the 
chloroplast-only single transformations discussed in Chapter 5, but may be attributable to 
minute differences in the quality of the plasmid preparations used to coat the gold particles for 
the bombardment.  
 
The ratio of true transgenic tissue to non-transgenic antibiotic-resistant mutants was 2:7 for 
the dual nuclear/chloroplast transformations, slightly less than the 13:50 and 6:32 achieved in 
the chloroplast only single transformations discussed in Chapter 5. 
 
The 8-12 week time frame for the initial regeneration of transgenic, spectinomycin resistant 
tissue after bombardment is in keeping with the expected time frame for regeneration using 
spectinomycin selection, however, as with the PE6043 plants, much of the regenerating tissue 
first formed large masses of callus, which subsequently took up to 3 more months to form 
shoots. As explained in the previous chapter, this is thought to be attributable to interference 
with shoot development resulting from expression of foreign proteins during the early stages 
of regeneration. Whole transgenic tobacco plants expressing E1, with a normal morphological 
appearance, were eventually recovered from the 2 masses of callus identified as carrying the 
pPE6043 construct.  
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On Western blot analysis, both the dual nuclear/chloroplast transformed plants and the parent 
nuclear apoplast-targeted plant showed a very strong reactive band corresponding to the 
expected size of the E1 catalytic domain. The dual nuclear/chloroplast plants also showed a 
very faint band corresponding to the expected size of the full length E1 protein and smaller 
products corresponding to the expected sizes of the cellulose binding domain with attached 
linker peptide and the cellulose binding domain alone. This indicates that there is expression 
of both the nuclear-borne gene for the catalytic domain and the chloroplast-borne gene for the 
full length enzyme, and that some degradation of the originally full-length product occurred  
in vivo. Again, this finding is in keeping with previous studies using plants expressing E1 
from the nuclear genome that have found successfully expressed full-length E1 either partially 
or totally degrades into its sub-units in vivo (Dai et al., 2000a).  
 
The dual nuclear/plastid transgenic plants showed a catalytic activity against the substrate 
analogue MUC of between 31774 and 35706 pmol 4-MU/mg TSP/min with E1 protein 
accumulation of between 4.25% and 4.78% of the TSP, while the nuclear transgenic parent 
plant showed a catalytic activity against the fluorogenic substrate analogue MUC of  
22016 pmol 4-MU/mg TSP/min with E1 protein accumulation of 2.95% of the TSP. This 
translates to a 62.2% increase in activity and a 62% increase in accumulation levels, for the 
dual nuclear/plastid transgenic plants, over that achieved by expressing the enzyme from the 
nuclear genome alone. This increase in the values for activity and accumulation also far 
exceeds that achieved through the transformation of the chloroplast genome alone, which 
showed only 1482 pmol 4-MU/mg TSP/min with 0.21% accumulation. The reason for this is 
unclear, but some of it could be attributable to the age of the leaf material, as discussed 
before. The age of the material taken from tissue culture for the protein extracts used for this 
chapter was approximately 3 months post-subculture, whereas the leaf material taken from 
tissue culture for the protein extracts used in the previous chapter was approximately 2 weeks 
 131 
post-subculture. This means that there may have been a much higher proportion of E1 in the 
TSP extracts from the older tissue when compared to the younger tissue due to the 
degradation of endogenous proteins, but that the actual amount of E1 is relatively stable. 
Fortunately, this does support the theory that at least the catalytic region of E1 expressed in 
plants has great stability and resistance to degradation by endogenous proteolytic enzymes, a 
necessary attribute for the production of cellulase enzymes in crop residues.  
 
The maximum accumulation level of 4.78% of the TSP for the dual nuclear/plastid plant, 
expressing both the catalytic domain of E1 from the nuclear genome, and the full-length 
enzyme from the chloroplast genome, shows a 10.95-fold increase over the highest 
accumulation level of 0.40% of the TSP reported by Ziegelhoffer et al. (2001), and a  
2.54-fold increase over the highest accumulation level of 1.35% of the TSP reported by  
Dai et al. (2000a).  
 
Overall, this section of the study has shown that when E1 is expressed in tobacco by both the 
chloroplast genome under the control of the constitutive promoter Prrn, and the nuclear 
genome under the control of the rbcS promoter with targeting to the apoplast by the Pr1a 
signal peptide, the accumulation levels of 0.21% and 2.95% of the TSP respectively, can be 
increased to a combined accumulation level of 4.78%. This is the highest accumulation level 
yet reported for the expression of E1 from A. cellulolyticus in tobacco and indicates that the 
two technologies of nuclear and chloroplast transformation can be used together successfully. 
The attractive attribute of gene containment, associated with the transformation of only the 
chloroplast genome, is lost by using this approach but the gains from using this novel 
approach seem to be quite significant.  
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Further improvements in obtaining higher levels of foreign protein accumulation could be 
achieved through the use of stronger promoter systems, and vectors that insert the expression 
cassette into the inverted repeat region of the chloroplast genome rather than the large single 
copy region, however, this study has shown that the combination of both nuclear and 
chloroplast transformation technologies was successful and is another viable, and very 
promising, option for the plant based production of cellulase enzymes.  
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7 Overview Discussion 
 
7.1 Introduction 
Biomass, in particular cellulosic biomass, constitutes one of the richest sources of stored 
energy on Earth (Bayer et al., 1998; Karlsson et al., 2002; Kleywegt et al., 1997). 
Unfortunately, due to the costs associated with processing (Bhat, 2000; Wheals et al., 1999), 
its potential as an environmentally friendly fuel source is largely unrealised.  
 
Ethanolic fuels are not a new invention, with literature references to their use dating back to 
the early 20th century (DiPardo, 2002). In fact, ethanolic fuels are currently used in several 
countries around the world (Wheals et al., 1999), however, the current means of fuel ethanol 
production, namely from corn and sugar-cane, are not sustainable due to the food versus fuel 
conflict (DiPardo, 2002). An alternative to these feed stocks is cellulosic biomass but the 
current means of processing make it prohibitively expensive (Mielenz, 2001).  
 
This has led to extensive research into enzyme-mediated bio-conversion of cellulose in an 
attempt to alleviate the associated economic problems. Novel organisms such as the yeasts 
being developed for simultaneous saccharification and fermentation (Mielenz, 2001), novel 
enzymes, developed through protein engineering or directed evolution (Arnold, 1998; 
Himmel et al., 1999), and inexpensive means of enzyme production, have all been 
investigated (Austin-Phillips et al., 1999; Kawazu et al., 1999; Sakka et al., 2000).  
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One avenue of research which may provide a suitable solution is the use of plants as           
bio-reactors to produce the cellulase enzymes in their residues, thus eliminating the cost of 
enzyme production and the problem of large-scale adaptation of enzyme production facilities 
to meet the growing demand for the enzymes required to produce fuel ethanol from biomass.  
 
Some accomplishments have been made in this area using nuclear genetic transformation 
(Abdeev et al., 2003; Abdeev et al., 2004; Austin-Phillips et al., 1999; Biswas et al., 2006; 
Dai et al., 2000a,b; Dai et al., 2005; Jin et al., 2003; Kawazu et al., 1999; Sakka et al., 2000; 
Ziegelhoffer et al., 1999; Ziegelhoffer et al., 2001; Ziegler et al., 2000), but more research is 
required to bring the levels of cellulase enzyme expression in plants to levels that will make 
this a viable approach.  
 
7.2 Summary of findings 
The work described in the preceding chapters outlines attempts to transform N. tabacum 
chloroplasts with two different cellulase genes, cbh1 from T. reesei and e1 from  
A. cellulolyticus.  
 
Attempts at heterologous expression of cbh1 in chloroplasts of N. tabacum (Chapter 3) were 
unsuccessful. It was possible to generate stable transplastidic plants carrying a 
transcriptionally silent cbh1 gene, but as with attempts to generate plants constitutively 
expressing cbh1, trans-activation of expression in these previously transcriptionally silent 
plants was also unsuccessful. The recovery of transgenic plants containing the 
transcriptionally silent cbh1 gene, yet inability to recover transgenic plants containing the 
constitutively expressed cbh1 gene, or trans-activated plants, supports a hypothesis that 
expression of cbh1 by the chloroplast genome somehow results in an inability to regenerate 
transgenic plants.  
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Investigation of the native cbh1 coding sequence and the tobacco chloroplast genome 
revealed a significant difference in GC content and codon preferences. This indicates that the 
native cbh1 sequence may not be suitable for use in the tobacco chloroplast genome, but that 
modification of the native sequence to more closely mimic the codon preferences of the 
tobacco chloroplast genome may result in successful expression. In a plastid expression study, 
Lutz et al. (2001) reported a significant increase in the expression levels of a bar transgene 
when a codon-optimised version of the gene was used. In light of this difference, and the 
successes reported by others using similar modifications, the use of a codon-optimised 
synthetic gene, in place of the native cbh1 gene may offer a potential solution to facilitate its 
use in chloroplast transformation.   
 
The difficulties encountered with the heterologous expression of cbh1 in tobacco chloroplasts 
led to the selection of expression in E. coli as a rapid means of determining the viability of a 
variety of modifications to the native cbh1 gene for expression in a prokaryotic system 
(Chapter 4). The first strategies employed to enable heterologous prokaryotic expression of 
cbh1 were the elimination of the N-terminal fungal secretory signal sequence, in the hope of 
avoiding the potentially toxic effects reported to be associated with such peptides in E. coli, 
and truncation of the enzyme to eliminate all but the catalytic domain. Unfortunately both 
failed to enable bacterial expression of cbh1.  
 
It was hypothesised that leakage of expression prior to induction may have been the cause of 
the inability to generate clonal lines capable of expressing cbh1, which led to the choice of 
pUC18, traditionally a cloning vector, as an expression vector. This vector can be used as an 
expression vector to express the inserted DNA as a fusion with β-galactosidase, provided the 
insert DNA is in-frame with the β-galactosidase gene. The use of this vector did result in the 
successful generation of E. coli lines harbouring the desired cbh1 expression constructs, but 
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despite being successfully transcribed into mRNA, these constructs did not produce any 
detectable enzyme, either in an active or inactive form meaning that the protein was either 
rapidly degraded after production or the mRNA was not successfully translated.  
 
Successful expression of cbh1 in E. coli by Laymon et al. (1996), through the fusion of CBH1 
to a 12 kDa thioredoxin protein, led to the hypothesis that the fusion of a small segment of E1 
from A. cellulolyticus, which has been previously expressed in E. coli (Thomas et al., 1996), 
could potentially alleviate the problems encountered with the generation of positive clones 
and bacterial expression. Unfortunately, no detectable enzyme, either in an active or inactive 
form was produced from these constructs either. The reasons for the inability to express cbh1 
in E. coli are thought to be similar to those for the inability to express cbh1 in tobacco 
chloroplasts, namely the difference in GC content and codon preferences. Again, it is thought 
that this may be alleviated through the use of a codon-optimised synthetic gene, in place of 
the native cbh1 gene.  
 
The generation of transplastidic plants expressing e1 from A. cellulolyticus, both 
constitutively and under a trans-activated promoter, was discussed in Chapter 5. All of the 
constitutively expressed PE6043 transplastidic plants showed detectable E1 protein on a 
Western blot, with extracts showing reactive bands corresponding to the expected size of the 
E1 catalytic domain, and several of them also showing a faint band corresponding to the 
expected size of the full length E1 protein. This indicates that some degradation of the 
originally full-length product occurred in vivo, which is consistent with previous studies using 
tobacco expressing E1 from the nuclear genome (Dai et al., 2000a).  
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For the trans-activated TE4026 transgenic material, only 2 plants showed detectable amounts 
of E1 on a Western blot. These plants also showed a variety of reactive bands corresponding 
to the expected sizes of various E1 breakdown products. Unfortunately, these same two plants 
showed significant morphological abnormalities in the form of leaf speckling and distortion, 
thought to be attributable to the effects of high-level T7 RNAP expression. In future it would 
be desirable to introduce the plastid transformation construct into a stable nuclear-transgenic 
line expressing T7 RNAP without any morphological abnormalities, rather than try to  
nuclear-transform stable plastid-transgenic plant material.  
 
Overall, this study has shown that E1 can be successfully expressed by the chloroplast 
genome, both under the control of the constitutive promoter Prrn, with an E1 accumulation 
level of up to 0.21% of the TSP, and the inducible promoter T7, with an E1 accumulation 
level of up to 0.35% of the TSP. These levels are lower than the 1.35% of the TSP achieved 
by Dai et al. (2000a) using nuclear-borne transgenes, however the transplastidic plants have 
the agronomically attractive attribute of gene containment due to the nature of chloroplast 
genetic inheritance. Interestingly, the T7 RNAP trans-activated, plastid-expressed enzyme 
showed a similar activity level against MUC as that exhibited by the enzyme produced by Dai 
et al. (2000a) despite it accounting for 1.00% less of the TSP. This discrepancy is thought to 
be attributable to differences in the age of the tissue resulting in differences in the native 
soluble protein content of the leaf extracts rather than an actual difference in the amount of E1 
in the extracts.  
 
Future studies should investigate the use of stronger promoters, the generation of better  
trans-activated T7 plant lines, or the insertion of the gene into the inverted repeat region of the 
chloroplast genome in order to improve expression and accumulation levels of E1 in tobacco 
plastids.  
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Chapter 6 discussed the generation of novel dual nuclear/plastid transgenic plants through the 
plastid transformation of nuclear-transgenic plant material expressing the catalytic domain of 
e1 targeted to the apoplast for accumulation. As with the plastid transformants created in 
Chapter 5, Western blot analysis showed evidence of the in vivo breakdown of the originally 
full-length plastid-expressed E1 protein.  
 
The dual nuclear/plastid transgenic plants showed catalytic activity against the substrate 
analogue MUC of up to 35706 pmol 4-MU/mg TSP/min with E1 protein accumulation of up 
to 4.78% of the TSP. This was an increase of approximately 62% over the activity and 
accumulation levels exhibited by the nuclear transgenic parent plant. This increase in activity 
and accumulation far exceeded that achieved through the transformation of the chloroplast 
genome alone, the reason for which is unclear, but may be attributable to the age of the leaf 
material, as discussed in Chapter 5.   
 
The maximum accumulation level of 4.78% for the dual nuclear/plastid transgenic plant, is 
the highest accumulation level yet reported for the expression of E1 from A. cellulolyticus in 
tobacco, and represents a significant advance in the in planta expression of this cellulase. 
Further improvements could potentially be achieved through experimentation with the use of 
stronger promoter systems, and vectors that insert the expression cassette into the inverted 
repeat region of the chloroplast genome rather than the large single copy region, however, this 
study has shown that the combination of both nuclear and chloroplast transformation 
technologies was successful and is another viable, and very promising, option for the plant 
based production of cellulase enzymes. 
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7.3 Conclusion 
In summary, the general aim of this project, namely the expression of cellulase genes in  
N. tabacum, was achieved.  
 
Heterologous expression of cbh1, in transgenic tobacco or recombinant bacteria, was not 
obtained. This is thought to be due to toxicity of the protein in a prokaryotic environment.  
Future studies should focus on trying to avoid this toxicity by targeting of the  
chloroplast-expressed enzyme to specific locations, such as the thylakoid membrane, for 
containment, creating a codon-optimised synthetic gene that better mimics the codon usage of 
the plant to be used for expression, or placing the expression under a reactive cascade that is 
only activated upon exposure to an external trigger. By only producing the CBH1 enzyme in 
reaction to an external trigger, it is hoped that the potential toxicity associated with the  
build-up of CBH1 enzyme would be inconsequential due to the timing of triggering being at 
the end of the plant’s life.  
 
Heterologous expression of the full length gene for E1 from A. cellulolyticus was successful. 
Chloroplast homology vectors under the constitutive promoter Prrn, and the inducible 
promoter T7, were constructed and these were used to successfully transform N. tabacum cv. 
Petit Havana chloroplasts. Stable transgenic plants were produced and evaluated by a variety 
of means, with the heterologously expressed enzyme showing activity against the soluble 
substrate analogue MUC.  
 
Lastly, chloroplast transformation was combined with nuclear transformation to create novel 
dual-transgenic plants expressing E1 simultaneously from both the nuclear and chloroplast 
genomes. The combination of these technologies was very successful and provides a new 
approach for increasing the accumulation levels of plant-produced cellulase enzymes. 
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Appendix 1 – Gene Sequence Information and Vector Maps 
Trichoderma reesei CELLOBIOHYDROLASE I cDNA  
(from GenBank Accession Number: E00389) 
 
AGATCCTCCAGGAGACTTGTACACCATNTTTTGAGGCACAGAAACCCAATAGTCA
ACCGCGGACTGGCATCATGTATCGGAAGTTGGCCGTCATCTCGGCCTTCTTGGCC
ACAGCTCGTGCTCAGTCGGCCTGCACTCTCCAATCGGAGACTCACCCGCCTCTGA
CATGGCAGAAATGCTCGTCTGGTGGCACGTGCACTCAACAGACAGGCTCCGTGGT
CATCGACGCCAACTGGCGCTGGACTCACGCTACGAACAGCAGCACGAACTGCTA
CGATGGCAACACTTGGAGCTCGACCCTATGTCCTGACAACGAGACCTGCGCGAAG
AACTGCTGTCTGGACGGTGCCGCCTACGCGTCCACGTACGGAGTTACCACGAGCG
GTAACAGCCTCTCCATTGGCTTTGTCACCCAGTCTGCGCAGAAGAACGTTGGCGC
TCGCCTTTACCTTATGGCGAGCGACACGACCTACCAGGAATTCACCCTGCTTGGC
AACGAGTTCTCTTTCGATGTTGATGTTTCGCAGCTGCCGTGCGGCTTGAACGGAG
CTCTCTACTTCGTGTCTATGGACGCGGATGGTGGCGTGAGCAAGTATCCCACCAA
CACCGCTGGCGCCAAGTACGGCACGGGGTACTGTGACAGCCAGTGTCCCCGCGAT
CTGAAGTTCATCAATGGCCAGGCCAACGTTGAGGGCTGGGAGCCGTCATCCAACA
ACGCAAACACGGGCATTGGAGGACACGGAAGCTGCTGCTCTGAGATGGATATCT
GGGAGGCCAACTCCATCTCCGAGGCTCTTACCCCCCACCCTTGCACGACTGTCGG
CCAGGAGATCTGCGAGGGTGATGGGTGCGGCGGAACTTACTCCGATAACAGATA
TGGCGGCACTTGCGATCCCGATGGCTGCGACTGGAACCCATACCGCCTGGGCAAC
ACCAGCTTCTACGGCCCTGGCTCAAGTTTTACCCTCGATACCACCAAGAAATTGA
CCGTTGTCACCCAGTTCGAGACGTCGGGTGCCATCAACCGATACTATGTCCAGAA
TGGCGTCACTTTCCAGCAGCCCAACGCCGAGCTTGGTAGTTACTCTGGCAACGAG
CTCAACGATGATTACTGCACAGCTGAGGAGGCAGAATTCGGCGGATCCTCTTTCT
CAGACAAGGGCGGCCTGACTCAGTTCAAGAAGGCTACCTCTGGCGGCATGGTTCT
GGTCATGAGTCTGTGGGATGATTACTACGCCAACATGCTGTGGCTGGACTCCACC
TACCCGACAAACGAGACCTCCTCCACACCCGGTGCCGTGCGCGGAAGCTGCTCCA
CCAGCTCCGGTGTCCCTGCTCAGGTCGAATCTCAGTCTCCCAACGCCAAGGTCAC
CTTCTCCAACATCAAGTTCGGACCCATTGGCAGCACCGGCAACCCTAGCGGCGGC
AACCCTCCCGGCGGAAACCCGCCTGGCACCACCACCACCCGCCGCCCAGCCACTA
CCACTGGAAGCTCTCCCGGACCTACCCAGTCTCACTACGGCCAGTGCGGCGGTAT
TGGCTACAGCGGCCCCACGGTCTGCGCCAGCGGCACAACTTGCCAGGTCCTGAAC
CCTTACTACTCTCAGTGCCTGTAAAGCTCCGTGCGAAAGCCTGACGCACCGGTAG
ATTCTTGGTGAGCCCGTATCATGACGGCGGCGGGAGCTACATGGCCCCGGGTGAT
TTATTTTTTTTGTATCTACTTCTGACCCTTTTCAAAAAAAAAAAAAAAAACTCGAG 
 
Signal    
Catalytic domain 
Linker peptide 
Cellulose binding domain 
  
Point Mutation locations are highlighted in green within the yellow restriction sites 
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Cellobiohydrolase I protein sequence (497 residues) 
 
Q S A C T L Q S E T H P P L T W Q K C S S G G T C T Q Q T G S V V I D A N W R W  
T H A T N S S T N C Y D G N T W S S T L C P D N E T C A K N C C L D G A A Y A S 
T Y G V T T S G N S L S I G F V T Q S A Q K N V G A R L Y L M A S D T T Y Q E F 
T L L G N E F S F D V D V S Q L P C G L N G A L Y F V S M D A D G G V S K Y P T 
N T A G A K Y G T G Y C D S Q C P R D L K F I N G Q A N V E G W E P S S N N A N 
T G I G G H G S C C S E M D I W E A N S I S E A L T P H P C T T V G Q E I C E G 
D G C G G T Y S D N R Y G G T C D P D G C D W N P Y R L G N T S F Y G P G S S F  
T L D T T K K L T V V T Q F E T S G A I N R Y Y V Q N G V T F Q Q P N A E L G S  
Y S G N E L N D D Y C T A E E A E F G G S S F S D K G G L T Q F K K A T S G G M 
V L V M S L W D D Y Y A N M L W L D S T Y P T N E T S S T P G A V R G S C S T S 
S G V P A Q V E S Q S P N A K V T F S N I K F G P I G S T G N P S G G N P P G G 
N P P G T T T T R R P A T T T G S S P G P T Q S H Y G Q C G G I G Y S G P T V C 
A S G T T C Q V L N P Y Y S Q C L  
 
Catalytic domain 
Linker peptide 
Cellulose binding domain 
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Acidothermus cellulolyticus ENDOGLUCANASE I cDNA 
(from GenBank Accession Number: NC_008578) 
 
AGGAGTACGGGGGAGAACAGACGGGGGAGAAACCAACGGGGGATTGGCGGTGC
CGCGCGCATTGCGGCGAGTGCCTGGCTCGCGGGTGATGCTGCGGGTCGGCGTCGT
CGTCGCGGTGCTGGCATTGGTTGCCGCACTCGCCAACCTAGCCGTGCCGCGGCCG
GCTCGCGCCGCGGGCGGCGGCTATTGGCACACGAGCGGCCGGGAGATCCTGGAC
GCGAACAACGTGCCGGTACGGATCGCCGGCATCAACTGGTTTGGGTTCGAAACCT
GCAATTACGTCGTGCACGGTCTCTGGTCACGCGACTACCGCAGCATGCTCGACCA
GATAAAGTCGCTCGGCTACAACACAATCCGGCTGCCGTACTCTGACGACATTCTC
AAGCCGGGCACCATGCCGAACAGCATCAATTTTTACCAGATGAATCAGGACCTGC
AGGGTCTGACGTCCTTGCAGGTCATGGACAAAATCGTCGCGTACGCCGGTCAGAT
CGGCCTGCGCATCATTCTTGACCGCCACCGACCGGATTGCAGCGGGCAGTCGGCG
CTGTGGTACACGAGCAGCGTCTCGGAGGCTACGTGGATTTCCGACCTGCAAGCGC
TGGCGCAGCGCTACAAGGGAAACCCGACGGTCGTCGGCTTTGACTTGCACAACG
AGCCGCATGACCCGGCCTGCTGGGGCTGCGGCGATCCGAGCATCGACTGGCGATT
GGCCGCCGAGCGGGCCGGAAACGCCGTGCTCTCGGTGAATCCGAACCTGCTCATT
TTCGTCGAAGGTGTGCAGAGCTACAACGGAGACTCCTACTGGTGGGGCGGCAAC
CTGCAAGGAGCCGGCCAGTACCCGGTCGTGCTGAACGTGCCGAACCGCCTGGTGT
ACTCGGCGCACGACTACGCGACGAGCGTCTACCCGCAGACGTGGTTCAGCGATCC
GACCTTCCCCAACAACATGCCCGGCATCTGGAACAAGAACTGGGGATACCTCTTC
AATCAGAACATTGCACCGGTATGGCTGGGCGAATTCGGTACGACACTGCAATCCA
CGACCGACCAGACGTGGCTGAAGACGCTCGTCCAGTACCTACGGCCGACCGCGC
AATACGGTGCGGACAGCTTCCAGTGGACCTTCTGGTCCTGGAACCCCGATTCCGG
CGACACAGGAGGAATTCTCAAGGATGACTGGCAGACGGTCGACACAGTAAAAGA
CGGCTATCTCGCGCCGATCAAGTCGTCGATTTTCGATCCTGTCGGCGCGTCTGCAT
CGCCTAGCAGTCAACCGTCCCCGTCGGTGTCGCCGTCTCCGTCGCCGAGCCCGTC
GGCGAGTCGGACGCCGACGCCTACTCCGACGCCGACAGCCAGCCCGACGCCAAC
GCTGACCCCTACTGCTACGCCCACGCCCACGGCAAGCCCGACGCCGTCACCGACG
GCAGCCTCCGGAGCCCGCTGCACCGCGAGTTACCAGGTCAACAGCGATTGGGGC
AATGGCTTCACGGTAACGGTGGCCGTGACAAATTCCGGATCCGTCGCGACCAAGA
CATGGACGGTCAGTTGGACATTCGGCGGAAATCAGACGATTACCAATTCGTGGAA
TGCAGCGGTCACGCAGAACGGTCAGTCGGTAACGGCTCGGAATATGAGTTATAA
CAACGTGATTCAGCCTGGTCAGAACACCACGTTCGGATTCCAGGCGAGCTATACC
GGAAGCAACGCGGCACCGACAGTCGCCTGCGCAGCAAGTTAATACGTCGGGGAG
CCGACGGGAGGGTCCGGACCGTCGGTTCCCCGGCTTCCACCTATGGAGCGAACCC
AACAATCCGGACGGAACTGCAGGTACCAGAGAGGAACGACACGAATGCCCGCCA
TCTCAAAACGGCTGCGAGCCG 
 
Signal    
Catalytic domain 
Linker peptide 
Cellulose binding domain 
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Endoglucanase I protein sequence (521 residues) 
 
A G G G Y W H T S G R E I L D A N N V P V R I A G I N W F G F E T C N Y V V H G 
L W S R D Y R S M L D Q I K S L G Y N T I R L P Y S D D I L K P G T M P N S I N 
F Y Q M N Q D L Q G L T S L Q V M D K I V A Y A G Q I G L R I I L D R H R P D C 
S G Q S A L W Y T S S V S E A T W I S D L Q A L A Q R Y K G N P T V V G F D L H 
N E P H D P A C W G C G D P S I D W R L A A E R A G N A V L S V N P N L L I F V 
E G V Q S Y N G D S Y W W G G N L Q G A G Q Y P V V L N V P N R L V Y S A H D Y 
A T S V Y P Q T W F S D P T F P N N M P G I W N K N W G Y L F N Q N I A P V W L 
G E F G T T L Q S T T D Q T W L K T L V Q Y L R P T A Q Y G A D S F Q W T F W S 
W N P D S G D T G G I L K D D W Q T V D T V K D G Y L A P I K S S I F D P V G A 
S A S P S S Q P S P S V S P S P S P S P S A S R T P T P T P T P T A S P T P T L 
T P T A T P T P T A S P T P S P T A A S G A R C T A S Y Q V N S D W G N G F T V 
T V A V T N S G S V A T K T W T V S W T F G G N Q T I T N S W N A A V T Q N G Q 
S V T A R N M S Y N N V I Q P G Q N T T F G F Q A S Y T G S N A A P T V A C A A 
S   
 
Catalytic domain 
Linker peptide 
Cellulose binding domain 
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pCGN6043
84 24  bp
rbcL
accD aadA
psbA 3' UTR
psbA 5' UTR
Southern Fragment (3509 bp)
H indIII (2823)
NcoI (9 4 1)
NotI (2806 )
SacII (126 8)
SphI (19 9 6 )
SphI (2000)
SphI (5509 )
 
 
 
 
 
 
 
 
Chloroplast Homology Vector (pCGN6043) 
*showing Southern probe hybridisation fragment location and sites 
*drawn using Vector NTI® Advance 10 Software from Invitrogen 
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pPC6043
10051 bp
psbA 3' UTR
psbA 5' UTR
CBH1
rbcL
accD
aadA
Prrn
Southern Fragment (2969 bp)
H indIII (4 4 4 4 )
NotI (2807)
SacII (126 8)
NcoI (9 4 1)
NcoI (4 308)
SphI (19 9 6 )
SphI (2000)
SphI (7136 )
 
 
 
 
 
 
Chloroplast Homology Vector (Prrn/cbh1) 
*showing Southern probe hybridisation fragment location and sites 
*drawn using Vector NTI® Advance 10 Software from Invitrogen 
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pTC6043
10051 bp
psbA 3' UTR
psbA 5' UTR
CBH1
rbcL
accD
aadA
T7Southern Fragment (2969 bp)
H indIII (4 4 4 4 )
NotI (2807)
SacII (126 8)
NcoI (9 4 1)
NcoI (4 308)
SphI (19 9 6 )
SphI (2000)
SphI (7136 )
 
 
 
 
 
 
Chloroplast Homology Vector (T7/cbh1) 
*showing Southern probe hybridisation fragment location and sites 
*drawn using Vector NTI® Advance 10 Software from Invitrogen 
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pUC-C
4 16 5 bp
AP r
CBH1
N-LacZ
C-lacZ
P(LAC)
P(BLA)
ORI
BamH I (89 1)
H indIII (4 00)
PstI (4 16 )
KpnI (19 22)
EcoRI (900)
EcoRI (1554 )
EcoRI (19 30)
ApaLI (178)
ApaLI (1837)
ApaLI (26 00)
ApaLI (384 6 )
 
 
 
 
 
Bacterial Expression Vector (pUC-C) 
*drawn using Vector NTI® Advance 10 Software from Invitrogen 
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pUC-Ct
3979 bp
APr
CBHt
N-LacZ
C-lacZ
P(LAC)
P(BLA)
ORI
BamHI (705)
Hin dIII (400)
PstI (416)
Kpn I (1736)
EcoRI (714)
EcoRI (1368)
EcoRI (17 44)
ApaLI (178)
ApaLI (1651)ApaLI (2414)
ApaLI (3660)
 
 
 
 
 
Bacterial Expression Vector (pUC-Ct) 
*drawn using Vector NTI® Advance 10 Software from Invitrogen 
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pUC-EC
4531 bp
APr
CBH1
N-LacZ
C-lacZ
E1chunk
P(LAC)
P(BLA)
ORI
BamHI (891)
HindIII (400)
Pst I (416)
Kpn I (2288)
Nhe I (1914)
EcoRI (900)
EcoRI (1554)
EcoRI (2296)
ApaLI (178)
ApaLI (1837)
ApaLI (2166)
ApaLI (2966)
ApaLI (4212)
 
 
 
 
 
Bacterial Expression Vector (pUC-EC) 
*drawn using Vector NTI® Advance 10 Software from Invitrogen 
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pUC-ECt
4345 bp
APr
CBHt
N-LacZ
C-lacZ
E1chunk
P(LAC)
P(BLA)
ORI
BamHI (705)
HindIII (400)
Pst I (416)
Kpn I (2102)
Nhe I (1728)
EcoRI (714)
EcoRI (1368)
EcoRI (2110)
ApaLI (178)
ApaLI (1651)
ApaLI (1980)
ApaLI (2780)
ApaLI (4026)
 
 
 
 
Bacterial Expression Vector (pUC-ECt) 
*drawn using Vector NTI® Advance 10 Software from Invitrogen 
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pPE6043
10120 bp
E1
psbA 5' UTR
psbA 3' UTR
rbcL
accD
aadA
Prrn
Southern Fragment (2969 bp)
H indIII (4 513)
NotI (2807)
SacII (126 8)
NcoI (9 4 1)
NcoI (4 377)
SphI (19 9 6 )
SphI (2000)
SphI (4 236 )
SphI (7205)
 
 
 
 
 
 
Chloroplast Homology Vector (Prrn/e1) 
*showing Southern probe hybridisation fragment location and sites 
*drawn using Vector NTI® Advance 10 Software from Invitrogen 
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pTE6043
10120 bp
E1
psbA 3' UTR
psbA 5' UTR
rbcL
accD
aadA
T7
Southern Fragment (2969 bp)
H indIII (4 513)
NotI (2807)
SacII (126 8)
NcoI (9 4 1)
NcoI (4 377)
SphI (19 9 6)
SphI (2000)
SphI (4 236 )
SphI (7205)
 
 
 
 
 
 
Chloroplast Homology Vector (T7/e1) 
*showing Southern probe hybridisation fragment location and sites 
*drawn using Vector NTI® Advance 10 Software from Invitrogen 
 
 
 
 
 
 
 170 
Appendix 2 – Solutions and Media 
 
Agarose Electrophoresis Gel 
DNA Grade Agarose   1% (w/v) 
Made up in either 1x TBE or 1x TAE Buffer (to match running buffer used) 
 
Antibiotic Stock Solutions 
Ampicillin     50 mg/mL in H2O 
Chloramphenicol    30 mg/mL in absolute ethanol 
Gentamycin     100 mg/mL in H2O 
Kanamycin     100 mg/mL in H2O 
Cefotaxime     100 mg/mL in H2O 
Spectinomycin    200 mg/mL in H2O 
 
Bromphenol Blue Loading Dye (6x) 
Bromphenol Blue    0.25%  
Glycerol     30%  
Xylene Cyanol    0.25%  
 
LB Agar Plates 
LB Broth     
Bacterial Grade Agar  15 g/L 
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LB Broth 
Tryptone    10 g/L 
NaCl     5 g/L 
Yeast Extract    5 g/L 
Adjust pH to 7.0 
 
Miniprep Solution 1 
Glucose     50 mM 
Tris-HCl pH 8.0     25 mM 
EDTA     10 mM 
 
Miniprep Solution 2 
NaOH     0.2 M 
SDS      1% (w/v) 
 
Miniprep Solution 3 
Potassium Acetate   5 M 
Glacial Acetic Acid   0.115% 
 
MGL Agar 
MGL Broth 
Bacterial Grade Agar   15 g/L 
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MGL Broth 
Yeast Extract    2.5 g/L 
Tryptone    5.0 g/L 
NaCl     5.0 g/L 
Mannitol    5.0 g/L 
Monosodium glutamate  1.16 g/L 
KH2P04    0.25 g/L 
MgSO4.7H20    0.1 g/L 
Biotin     1.0 mg/L 
Adjust pH to 7.0 
 
MS Liquid Medium 
MS Salts Mixture (Invitrogen) 4.3 g/L 
MS Vitamin Mixture (500x) 2 mL/L 
Sucrose    30 g/L 
Adjust pH to 5.8 
 
MS Medium 
MS Liquid Medium 
Phytagel    4 g/L 
 
MS Regeneration Medium 
MS Medium 
Benzyl-amino-purine  1 mg/mL 
Naphthalene-acetic acid   0.1 mg/mL 
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MS Regeneration + Selection Medium 
MS Regeneration Medium  
Antibiotics to desired concentration 
 
MS Selection Medium 
MS Medium 
Antibiotics to desired concentration 
 
MS Vitamin Mixture (500x) 
Pyridoxine HCl   0.25 g/L 
Thiamine HCl   0.05 g/L 
Nicotinic Acid   0.25 g/L 
Glycine    1 g/L 
 
MUC Assay Buffer 
Sodium Acetate   50 mM 
NaCl     100 mM 
MUC     1 mM 
 
MUC Minus Buffer 
Sodium Acetate   50 mM 
NaCl     100 mM 
 
MUC Stop Buffer  
Glycine-NaOH pH10  150 mM 
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Protein Extraction Buffer 
NaPO4    100 mM 
NaCl     150 mM 
EDTA     10 mM 
DTT     10 mM 
Thiourea    10 mM 
Tween 20    0.3% 
Triton X100    0.05% 
 
SDS Gel Loading Buffer (2x) 
SDS      4.5% (w/v) 
Glycerol    25% 
DTT     0.25 M 
Tris-HCl pH 6.8   0.15 M 
Bromophenol Blue   0.1 μg/mL 
 
SDS-PAGE Gel 
Stacking Gel 5% 
Tris-HCl pH 6.8    126 mM 
SDS     1% 
Bis/Acrylamide    5% 
Ammonium Persulfate   1% 
Temed    0.1% 
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Resolving Gel 12% 
Tris-HCl pH 8.8    375 mM 
SDS     1% 
Bis/Acrylamide    12% 
Ammonium Persulfate   1% 
Temed    0.1% 
 
SDS-Tris-Glycine Running Buffer 
Tris     25 mM 
Glycine    192 mM 
SDS     1% 
 
SOC Broth 
Tryptone    20 g/L 
NaCl     0.5 g/L 
Yeast Extract    5 g/L 
KCl     2.5 mM 
*Autoclave and cool 
Glucose (filter sterile)  20 mM 
 
Southern Blocking Solution 
Blocking Reagent (Roche)  100 mL/L 
Maleic Acid Buffer   900 mL/L 
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Southern Denaturation Solution 
NaCl     1.5 M 
NaOH     500 mM 
 
Southern Depurination Solution 
HCl     250 mM 
 
Southern Detection Buffer 
Tris-HCl pH 9.5   1.0 M 
NaCl     1.0 M 
 
Southern High Stringency Washing Solution 
SSC      75 mM 
SDS      0.1% 
 
Southern Low Stringency Washing Solution 
SSC     300 mM 
SDS     0.1% 
 
Southern Maleic Acid Buffer 
Maleic Acid    100 mM 
NaCl     150 mM 
Adjust pH to 7.5 
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Southern Neutralisation Solution 
Tris-HCl pH 7.5   500 mM 
NaCl     1.5 M 
 
Southern Washing Buffer 
Maleic Acid Buffer 
Tween 20    0.3% 
 
SSC (20x) 
NaCl     3.0 M 
Na3-citrate    300 mM 
Adjust pH to 7.0 
 
TAE Buffer 
Tris-acetate    40 mM 
EDTA     1 mM 
 
TBE Buffer 
Tris-Borate     90 mM 
EDTA     2 mM 
  
TBS 
Tris-HCl pH 7.4    20 mM 
NaCl     150 mM 
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TE Buffer 
Tris-HCl pH 8.0   10 mM 
EDTA     1 mM 
 
Western Blocking Buffer 
TBS 
Skim Milk Powder   5% (w/v) 
 
Western Transfer Buffer 
Tris     12 mM 
Glycine    96 mM 
Methanol     20% (v/v) 
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Appendix 3 – Oligonucleotide Primers 
 
Oligonucleotide Sequence (5’ – 3’) 
Prrn Forward ATATTTAAGCTTCCCCCGCCGTCGTTCAATGAGAAT 
                 HindIII 
Prrn Reverse ATTATACCATGGATCCCTCCCTACAACTGTATCCAA 
                    NcoI 
Hind-Mut Forward GGCCCTGGCTCAAGTTTTACCCTCGATACC 
 
Hind-Mut Reverse GGTATCGAGGGTAAAACTTGAGCCAGGGCC 
 
Tobacco actin Forward TCACTGAAGCACCTCTTAACC 
 
Tobacco actin Reverse CAGCTTCCATTCCAATCATTG 
 
T7 RNAP Forward TGAGGTTGCGGATAACGCTG 
 
T7 RNAP Reverse TCCTTATGCCACGAAGACCAC 
 
e1-Nterm Forward AAAGGTACCTGCTGGCGGCGGCTATTGGCACACGAGC 
           Asp718 
e1-Nterm Reverse AAAGCTAGCGCTGCAATCCGGTCGGTGGCGGTC 
             NheI 
cbh1 In-Line Forward AAAGCTAGCCAGTCGGCCTGCACTCTCCAATCG 
             NheI 
cbh1 In-Line Full Reverse AAATCTAGAGTTTACAGGCACTGAGAGTAGTAAGG 
             XbaI 
cbh1 In-Line Catalytic 
Reverse 
AAATCTAGAGTGTTGCCGCCGCTAGGGTTGCCGGT 
              XbaI 
cbh1 Forward AAAGGTACCTGCTCAGTCGGCCTGCACTCTCCAAT 
           Asp718 
cbh1 Catalytic Reverse AAACTGCAGGTGTTGCCGCCGCTAGGGTTGCCGGT 
              PstI 
cbh1 Full Reverse AAACTGCAGGTTTACAGGCACTGAGAGTAGTAAGG 
             PstI 
Reverse Sequencing for 
cbh1 
CCTCTCCATTGGCTTTGTCACCCA 
 
Reverse Sequencing for e1 GCTGCAATCCGGTCGGTGGCGGTC 
 
accD Probe Forward CAGTAATGTTGATTATTTATTCGG 
 
accD Probe Reverse AAATGCCTGTATTTTTGCGTTACC 
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Appendix 4 – Molecular Weight Markers 
 
 
 
 
GeneRuler™ 1 kb DNA Molecular Weight Marker.  
 
Fermentas International Inc. Ontario CANADA
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DNA Molecular Weight Marker III. (1% agarose gel) (the Digoxigenin-labelled version is 
identical to this unlabelled version except that is also includes a 125 bp fragment) 
 
Roche Diagnostics GmbH Roche Applied Science 68298 Mannheim Germany. 
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SeeBlue® Plus2 Pre-Stained Standard.  
 
Invitrogen Corporation (https://catalog.invitrogen.com/productImages/1900/1896.GIF) 
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Appendix 5 – Sequencing Data 
P5059 – Reverse sequencing for e1 primer      
RAW SEQUENCE 
AGGGGGGGCCGGAGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTT
GCTCACATGTCTTCCTGCGTTATCCCCTGATTCTGTGGATAACCGTATTACCGCCTTTGAGTGAGCTGATACCGC
TCGCCGCAGCCGAACGACCGAGCGCAGCGAGTCAGTGAGCGAGGAAGCGGAAGAGCGCCCAATACGCAAACCGCC
TCTCCCCGCGCGTTGGCCGATTCATTAATGCAGCTGGCACGACAGGTTTCCCGACTGGAAAGCGGGCAGTGAGCG
CAACGCAATTAATGTGAGTTAGCTCACTCATTAGGCACCCCAGGCTTTACACTTTATGCTTCCGGCTCGTATGTT
GTGTGGAATTGTGAGCGGATAACAATTTCACACAGGAAACAGCTATGACCATGATTACGCCAAGCGCGCAATTAA
CCCTCACTAAAGGGAACAAAAGCTGGGTACCGGGCCCCCCCTCGAGGTCGACGGTATCGATAAGCTTCCCCCGCC
GTCGTTCAATGAGAATGGATAAGAGGCTCGTGGGATTGACGTGAGGGGGCAGGGATGGCTATATTTCTGGGAGCG
AACTCCGGGCGAATACGAAGCGCTTGGATACAGTTGTAGGGAGGGATCCATGGCGGGCGGCGGCTATTGGCACAC
GAGCGGCCGGGAGATCCTGGACGCGAACAACGTGCCGGTACGGATCGCCGGCATCAACTGGTTTGGGTTCGAAAC
CTGCAATTACGTCGTGCACGGTCTCTGGTCACGCGACTACCGCAGCATGCTCGACCAGATAAAGTCGCTCGGCTA
CAACACAATCCGGCTGCCGTACTCTGACGACATTCTCAAGCCGGGCACCATGCCGAACAGCATCAATTTTTACCA
GATGAATCAGGACCTGCAGGGTCTGACGTCCTTGCAGGTCATGGACAAAATCGTCGCGTACGCCGGTCAGATCGG
C?TGCGC 
 
Plastid transformation vector pGS31A 16S ribosomal RNA gene  
Length=3136 
 Score =  102 bits (112),  Expect = 9e-20 
 Identities = 56/56 (100%), Gaps = 0/56 (0%) 
 Strand=Plus/Minus 
 
Query  1     CTGGGAGCGAACTCCGGGCGAATACGAAGCGCTTGGATACAGTTGTAGGGAGGGAT  56 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  2111  CTGGGAGCGAACTCCGGGCGAATACGAAGCGCTTGGATACAGTTGTAGGGAGGGAT  2056 
 
 
Acidothermus cellulolyticus 11B E I beta-1,4-endoglucanase precursor,  
gene, complete cds 
Length=3004 
 Score =  587 bits (650),  Expect = 1e-164 
 Identities = 329/330 (99%), Gaps = 1/330 (0%) 
 Strand=Plus/Plus 
 
Query  1     GCGGGCGGCGGCTATTGGCACACGAGCGGCCGGGAGATCCTGGACGCGAACAACGTGCCG  60 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  947   GCGGGCGGCGGCTATTGGCACACGAGCGGCCGGGAGATCCTGGACGCGAACAACGTGCCG  1006 
 
Query  61    GTACGGATCGCCGGCATCAACTGGTTTGGGTTCGAAACCTGCAATTACGTCGTGCACGGT  120 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  1007  GTACGGATCGCCGGCATCAACTGGTTTGGGTTCGAAACCTGCAATTACGTCGTGCACGGT  1066 
 
Query  121   CTCTGGTCACGCGACTACCGCAGCATGCTCGACCAGATAAAGTCGCTCGGCTACAACACA  180 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  1067  CTCTGGTCACGCGACTACCGCAGCATGCTCGACCAGATAAAGTCGCTCGGCTACAACACA  1126 
 
Query  181   ATCCGGCTGCCGTACTCTGACGACATTCTCAAGCCGGGCACCATGCCGAACAGCATCAAT  240 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  1127  ATCCGGCTGCCGTACTCTGACGACATTCTCAAGCCGGGCACCATGCCGAACAGCATCAAT  1186 
 
Query  241   TTTTACCAGATGAATCAGGACCTGCAGGGTCTGACGTCCTTGCAGGTCATGGACAAAATC  300 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  1187  TTTTACCAGATGAATCAGGACCTGCAGGGTCTGACGTCCTTGCAGGTCATGGACAAAATC  1246 
 
Query  301   GTCGCGTACGCCGGTCAGATCGG-CTGCGC  329 
             ||||||||||||||||||||||| |||||| 
Sbjct  1247  GTCGCGTACGCCGGTCAGATCGGCCTGCGC  1276 
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pUC-CBH – Reverse sequencing for cbh1 primer     
 
RAW SEQUENCE 
GAATTGTGAGCGGATAACAATTTCACACAGGAAACAGCTATGACCATGATTACGAATTCGAGCTCGGTACCTGCT
CAGTCGGCCGCCAC?CTTCAATCCGGAGACTGACCCGCCTCTGACATGGCAGAAA?GCTAGTCTGG?GGCACGTG
CACTCAAC?ACAGGCTCCGTGGTCATCGACGC?ACTGG?GCTGGACTCACGCTACGA?CAGCAGCACGAACTGCT
A?GATGGCAACACTTGGAGCTCGACCCTATGTCCTGACAACGAGACCTGCGCGAAGAA?TG?TGTCTGGACGG?G
CCGCCTACGCGTCC 
 
Expression vector pUC18VcluxOD DNA, complete sequence 
Length=4184 
 Score =  129 bits (142),  Expect = 1e-27 
 Identities = 71/71 (100%), Gaps = 0/71 (0%) 
 Strand=Plus/Plus 
 
Query  1     GAATTGTGAGCGGATAACAATTTCACACAGGAAACAGCTATGACCATGATTACGAATTCG  60 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  2179  GAATTGTGAGCGGATAACAATTTCACACAGGAAACAGCTATGACCATGATTACGAATTCG  2238 
 
Query  61    AGCTCGGTACC  71 
             ||||||||||| 
Sbjct  2239  AGCTCGGTACC  2249 
 
 
Trichoderma viride strain AS 3.3711 cellobiohydrolase I (cbhI)  
mRNA, complete cds 
Length=1746 
 Score =  309 bits (342),  Expect = 3e-81 
 Identities = 223/242 (92%), Gaps = 14/242 (5%) 
 Strand=Plus/Plus 
 
Query  1    TCAGTCGGCCGCCAC-CTTCAATCCGGAGACTGACCCGCCTCTGACATGGCAGAAA-GCT  58 
            ||||||||||  ||| || ||||| ||||||| ||||||||||||||||||||||| ||| 
Sbjct  94   TCAGTCGGCCTGCACTCTCCAATC-GGAGACTCACCCGCCTCTGACATGGCAGAAATGCT  152 
 
Query  59   AGTCTGG-GGCACGTGCACTCAACA--CAGGCTCCGTGGTCATCGACGC--ACTGG-GCT  112 
             |||||| |||||||||||||||||  ||||||||||||||||||||||  ||||| ||| 
Sbjct  153  CGTCTGGTGGCACGTGCACTCAACAGACAGGCTCCGTGGTCATCGACGCCAACTGGCGCT  212 
 
Query  113  GGACTCACGCTACGA-CAGCAGCACGAACTGCTA-GATGGCAACACTTGGAGCTCGACCC  170 
            ||||||||||||||| |||||||||||||||||| ||||||||||||||||||||||||| 
Sbjct  213  GGACTCACGCTACGAACAGCAGCACGAACTGCTACGATGGCAACACTTGGAGCTCGACCC  272 
 
Query  171  TATGTCCTGACAACGAGACCTGCGCGAAGAA-TG-TGTCTGGACGG-GCCGCCTACGCGT  227 
            ||||||||||||||||||||||||||||||| || ||||||||||| ||||||||||||| 
Sbjct  273  TATGTCCTGACAACGAGACCTGCGCGAAGAACTGCTGTCTGGACGGTGCCGCCTACGCGT  332 
 
Query  228  CC  229 
            || 
Sbjct  333  CC  334 
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pUC-CBH-t – Reverse sequencing for cbh1 primer     
RAW SEQUENCE 
TATGTTGTGTGGAATTGTGAGCGGATAACAATTTCACACAGGAAACAGCTATGAC?ATGATTACGAATTCGAGCT
CGGTACCTGCTCAGTCGGCCTGCACTCTCCAATCGGAGACTCACCCGCCTCTGACATGGCAGAAATGCTCGTCTG
GTGGCACGTGCACTCAACAGACAGGCTCCGTGGTCATCGACGCCAACTGGCGCTGGACTCACGCTACGAACAGCA
GCACGAACTGCTACGATGGCAACACTTGGAGCTCGACCCTATGTCCTGACAACGAGACCTGCGCGAAGAACTGCT
GTCTGGACGGTGCCGCCTACGCGTCCACGTACGGAGT?ACCACGAGCCGACG 
 
Expression vector pUC18VcluxOR DNA, complete sequence 
Length=4186 
 Score =  140 bits (154),  Expect = 7e-31 
 Identities = 81/82 (98%), Gaps = 1/82 (1%) 
 Strand=Plus/Plus 
 
Query  1     TATGTTGTGTGGAATTGTGAGCGGATAACAATTTCACACAGGAAACAGCTATGA-CATGA  59 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||| ||||| 
Sbjct  2168  TATGTTGTGTGGAATTGTGAGCGGATAACAATTTCACACAGGAAACAGCTATGACCATGA  2227 
 
Query  60    TTACGAATTCGAGCTCGGTACC  81 
             |||||||||||||||||||||| 
Sbjct  2228  TTACGAATTCGAGCTCGGTACC  2249 
 
 
Trichoderma viride strain AS 3.3711 cellobiohydrolase I (cbhI)  
mRNA, complete cds 
Length=1746 
 Score =  470 bits (520),  Expect = 2e-129 
 Identities = 264/265 (99%), Gaps = 1/265 (0%) 
 Strand=Plus/Plus 
 
Query  1    TGCTCAGTCGGCCTGCACTCTCCAATCGGAGACTCACCCGCCTCTGACATGGCAGAAATG  60 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  91   TGCTCAGTCGGCCTGCACTCTCCAATCGGAGACTCACCCGCCTCTGACATGGCAGAAATG  150 
 
Query  61   CTCGTCTGGTGGCACGTGCACTCAACAGACAGGCTCCGTGGTCATCGACGCCAACTGGCG  120 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  151  CTCGTCTGGTGGCACGTGCACTCAACAGACAGGCTCCGTGGTCATCGACGCCAACTGGCG  210 
 
Query  121  CTGGACTCACGCTACGAACAGCAGCACGAACTGCTACGATGGCAACACTTGGAGCTCGAC  180 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  211  CTGGACTCACGCTACGAACAGCAGCACGAACTGCTACGATGGCAACACTTGGAGCTCGAC  270 
 
Query  181  CCTATGTCCTGACAACGAGACCTGCGCGAAGAACTGCTGTCTGGACGGTGCCGCCTACGC  240 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  271  CCTATGTCCTGACAACGAGACCTGCGCGAAGAACTGCTGTCTGGACGGTGCCGCCTACGC  330 
 
Query  241  GTCCACGTACGGAG-TACCACGAGC  264 
            |||||||||||||| |||||||||| 
Sbjct  331  GTCCACGTACGGAGTTACCACGAGC  355 
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pUC-Fusion – Reverse sequencing for cbh1 primer     
RAW SEQUENCE 
CAATTTCACACAGGAAACAGCTATGACCATGATTACGAATTCGAGCTCGGTACCTGCTGGCGGCGGCTATTGGCA
CACGAGCGGCCGGGAGATCCTGGACGCGAACAACGTGCCGGTACGGATCGCCGGCATCAACTGGTTTGGGTTCGA
AACCTGCAATTACGTCGTGCACGGTCTCTGGTCACGCGACTACCGCAGCATGCTCGACCAGATAAAGTCGCTCGG
CTACAACACAATCCGGCTGCCGTACTCTGACGACATTCTCAAGCCGGGCACCATGCCGAACAGCATCAATTTTTA
CCAGATGAATCAGGACCTGCAGGGTCTGACGTCCTTGCAGGTCATGGACAAAATCGTCGCGTACGCCGGTCAGAT
CGGCCTGCGCATCATTCTTGACCGCCACCGACCGGATTGCAGCGCTAGCCAGTCGGCCTGCACTCTCCAATCGGA
GACTCACCCGCCTCTGACATGGCAGAAATGCTCGTCTGGTGGCACGTGCACTCAACAGACAGGCTCCGTGGTCAT
CGACGCCAACTGGCGCTGGACTCACGCTACGAACAGCAGCACGAACTGCTACGATGGCAACACTTGGAGCTCGAC
CCTATGTCCTGACAACGAGACCTGCGCGAAGAACTGCTGTCTGGACGGTGCCGCCTA 
 
Shuttle vector pUCP18-RedS, complete sequence 
Length=9659 
 Score = 98.7 bits (108),  Expect = 1e-18 
 Identities = 54/54 (100%), Gaps = 0/54 (0%) 
 Strand=Plus/Plus 
 
Query  1     CAATTTCACACAGGAAACAGCTATGACCATGATTACGAATTCGAGCTCGGTACC  54 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  2196  CAATTTCACACAGGAAACAGCTATGACCATGATTACGAATTCGAGCTCGGTACC  2249 
 
 
Acidothermus cellulolyticus 11B E I beta-1,4-endoglucanase precursor,  
gene, complete cds 
Length=3004 
 Score =  650 bits (720),  Expect = 0.0 
 Identities = 362/363 (99%), Gaps = 0/363 (0%) 
 Strand=Plus/Plus 
 
Query  2     GCTGGCGGCGGCTATTGGCACACGAGCGGCCGGGAGATCCTGGACGCGAACAACGTGCCG  61 
             || ||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  947   GCGGGCGGCGGCTATTGGCACACGAGCGGCCGGGAGATCCTGGACGCGAACAACGTGCCG  1006 
 
Query  62    GTACGGATCGCCGGCATCAACTGGTTTGGGTTCGAAACCTGCAATTACGTCGTGCACGGT  121 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  1007  GTACGGATCGCCGGCATCAACTGGTTTGGGTTCGAAACCTGCAATTACGTCGTGCACGGT  1066 
 
Query  122   CTCTGGTCACGCGACTACCGCAGCATGCTCGACCAGATAAAGTCGCTCGGCTACAACACA  181 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  1067  CTCTGGTCACGCGACTACCGCAGCATGCTCGACCAGATAAAGTCGCTCGGCTACAACACA  1126 
 
Query  182   ATCCGGCTGCCGTACTCTGACGACATTCTCAAGCCGGGCACCATGCCGAACAGCATCAAT  241 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  1127  ATCCGGCTGCCGTACTCTGACGACATTCTCAAGCCGGGCACCATGCCGAACAGCATCAAT  1186 
 
Query  242   TTTTACCAGATGAATCAGGACCTGCAGGGTCTGACGTCCTTGCAGGTCATGGACAAAATC  301 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  1187  TTTTACCAGATGAATCAGGACCTGCAGGGTCTGACGTCCTTGCAGGTCATGGACAAAATC  1246 
 
Query  302   GTCGCGTACGCCGGTCAGATCGGCCTGCGCATCATTCTTGACCGCCACCGACCGGATTGC  361 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  1247  GTCGCGTACGCCGGTCAGATCGGCCTGCGCATCATTCTTGACCGCCACCGACCGGATTGC  1306 
 
Query  362   AGC  364 
             ||| 
Sbjct  1307  AGC  1309 
 
 
Trichoderma viride strain AS 3.3711 cellobiohydrolase I (cbhI)  
mRNA, complete cds 
Length=1746 
 Score =  421 bits (466),  Expect = 6e-115 
 Identities = 233/233 (100%), Gaps = 0/233 (0%) 
 Strand=Plus/Plus 
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Query  1    CAGTCGGCCTGCACTCTCCAATCGGAGACTCACCCGCCTCTGACATGGCAGAAATGCTCG  60 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  95   CAGTCGGCCTGCACTCTCCAATCGGAGACTCACCCGCCTCTGACATGGCAGAAATGCTCG  154 
 
Query  61   TCTGGTGGCACGTGCACTCAACAGACAGGCTCCGTGGTCATCGACGCCAACTGGCGCTGG  120 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  155  TCTGGTGGCACGTGCACTCAACAGACAGGCTCCGTGGTCATCGACGCCAACTGGCGCTGG  214 
 
Query  121  ACTCACGCTACGAACAGCAGCACGAACTGCTACGATGGCAACACTTGGAGCTCGACCCTA  180 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  215  ACTCACGCTACGAACAGCAGCACGAACTGCTACGATGGCAACACTTGGAGCTCGACCCTA  274 
 
Query  181  TGTCCTGACAACGAGACCTGCGCGAAGAACTGCTGTCTGGACGGTGCCGCCTA  233 
            ||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  275  TGTCCTGACAACGAGACCTGCGCGAAGAACTGCTGTCTGGACGGTGCCGCCTA  327 
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pUC-Fusion-t – Reverse sequencing for cbh1 primer     
RAW SEQUENCE 
AGGAAACAGCTATGACCATGTTACGAATTCGAGCTCGGTACCTGCTGGCGGCGGCTATTGGCACACGAGCGGCCG
GGAGATCCTGGACGCGAACAACGTGCCGGTACGGATCGCCGGCATCAACTGGTTTGGGTTCAAACCTGCAATTAC
GTCGTGCACGGTCTCTGGTCACGCGACTACCGCAGCATGCTCGACCAGATAAAGTCGCTCGGCTACAACACAATC
CGGCTGCCGTACTCTGACGACATTCTCAAGCCGGGCACCATGCCGAACAGCATAATTTTTACCAGATGAATCAGG
ACCTGCAGGGTCTGACGTCCTTGCAGGTCATGGACAAAATCGTCGCGTACGCCGGTCAGATCGGCCTGCGCATCA
TTCTTGACCGCCACCGACCGGATTGCAGCGCTAGCCAGTCGGCCTGCACTCTCCAATCGGAGACTCACCCGCCTC
TGACATGGCAGAAATGCTCGTCTGGTGGCACGTGCACTCAACAGACAGGTCCGTGGTCATGGACGCCAACTGGCG
CTGGACTCACGCTACGAACAGCAGCACGAACTGCTACGATGGCAACACTTGGAGCTCGACCCTATGTCCTGACAA
CGAGACCTGCGCGAAGAAC 
 
Shuttle vector pUCP18-RedS, complete sequence 
Length=9659 
 Score = 69.9 bits (35),  Expect = 5e-10 
 Identities = 42/43 (97%), Gaps = 1/43 (2%) 
 Strand=Plus/Plus 
 
Query  1     AGGAAACAGCTATGACCATG-TTACGAATTCGAGCTCGGTACC  42 
             |||||||||||||||||||| |||||||||||||||||||||| 
Sbjct  2207  AGGAAACAGCTATGACCATGATTACGAATTCGAGCTCGGTACC  2249 
 
 
Acidothermus cellulolyticus 11B E I beta-1,4-endoglucanase precursor,  
gene, complete cds 
Length=3004 
 Score =  634 bits (702),  Expect = 8e-179 
 Identities = 358/360 (99%), Gaps = 2/360 (0%) 
 Strand=Plus/Plus 
 
Query  1     GGCGGCGGCTATTGGCACACGAGCGGCCGGGAGATCCTGGACGCGAACAACGTGCCGGTA  60 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  950   GGCGGCGGCTATTGGCACACGAGCGGCCGGGAGATCCTGGACGCGAACAACGTGCCGGTA  1009 
 
Query  61    CGGATCGCCGGCATCAACTGGTTTGGGTTC-AAACCTGCAATTACGTCGTGCACGGTCTC  119 
             |||||||||||||||||||||||||||||| ||||||||||||||||||||||||||||| 
Sbjct  1010  CGGATCGCCGGCATCAACTGGTTTGGGTTCGAAACCTGCAATTACGTCGTGCACGGTCTC  1069 
 
Query  120   TGGTCACGCGACTACCGCAGCATGCTCGACCAGATAAAGTCGCTCGGCTACAACACAATC  179 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  1070  TGGTCACGCGACTACCGCAGCATGCTCGACCAGATAAAGTCGCTCGGCTACAACACAATC  1129 
 
Query  180   CGGCTGCCGTACTCTGACGACATTCTCAAGCCGGGCACCATGCCGAACAGCAT-AATTTT  238 
             ||||||||||||||||||||||||||||||||||||||||||||||||||||| |||||| 
Sbjct  1130  CGGCTGCCGTACTCTGACGACATTCTCAAGCCGGGCACCATGCCGAACAGCATCAATTTT  1189 
 
Query  239   TACCAGATGAATCAGGACCTGCAGGGTCTGACGTCCTTGCAGGTCATGGACAAAATCGTC  298 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  1190  TACCAGATGAATCAGGACCTGCAGGGTCTGACGTCCTTGCAGGTCATGGACAAAATCGTC  1249 
 
Query  299   GCGTACGCCGGTCAGATCGGCCTGCGCATCATTCTTGACCGCCACCGACCGGATTGCAGC  358 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  1250  GCGTACGCCGGTCAGATCGGCCTGCGCATCATTCTTGACCGCCACCGACCGGATTGCAGC  1309 
 
 
Trichoderma viride strain AS 3.3711 cellobiohydrolase I (cbhI)  
mRNA, complete cds 
Length=1746 
 Score =  367 bits (406),  Expect = 1e-98 
 Identities = 208/210 (99%), Gaps = 1/210 (0%) 
 Strand=Plus/Plus 
 
Query  1    CAGTCGGCCTGCACTCTCCAATCGGAGACTCACCCGCCTCTGACATGGCAGAAATGCTCG  60 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  95   CAGTCGGCCTGCACTCTCCAATCGGAGACTCACCCGCCTCTGACATGGCAGAAATGCTCG  154 
 
 
 
 189 
Query  61   TCTGGTGGCACGTGCACTCAACAGACAGG-TCCGTGGTCATGGACGCCAACTGGCGCTGG  119 
            ||||||||||||||||||||||||||||| ||||||||||| |||||||||||||||||| 
Sbjct  155  TCTGGTGGCACGTGCACTCAACAGACAGGCTCCGTGGTCATCGACGCCAACTGGCGCTGG  214 
 
Query  120  ACTCACGCTACGAACAGCAGCACGAACTGCTACGATGGCAACACTTGGAGCTCGACCCTA  179 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  215  ACTCACGCTACGAACAGCAGCACGAACTGCTACGATGGCAACACTTGGAGCTCGACCCTA  274 
 
Query  180  TGTCCTGACAACGAGACCTGCGCGAAGAAC  209 
            |||||||||||||||||||||||||||||| 
Sbjct  275  TGTCCTGACAACGAGACCTGCGCGAAGAAC  304 
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Appendix 6 – Codon Preference Tables 
Trichoderma reesei CBH1   
    
AmAcid  Codon     Number    /1000     Fraction 
Gly     GGG        2.00     4.02      0.03 
Gly  GGA     12.00    24.10      0.19 
Gly  GGT     10.00    20.08      0.16 
Gly  GGC     39.00    78.31      0.62 
Glu  GAG     16.00    32.13      0.84 
Glu  GAA      3.00     6.02      0.16 
Asp  GAT     15.00    30.12      0.63 
Asp  GAC      9.00    18.07      0.38 
Val  GTG      4.00     8.03      0.17 
Val  GTA      0.00     0.00      0.00 
Val  GTT      7.00    14.06      0.30 
Val  GTC     12.00    24.10      0.52 
Ala  GCG      5.00    10.04      0.17 
Ala  GCA      2.00     4.02      0.07 
Ala  GCT      8.00    16.06      0.28 
Ala  GCC     14.00    28.11      0.48 
Arg  AGG      0.00     0.00      0.00 
Arg  AGA      1.00     2.01      0.11 
Ser  AGT      2.00     4.02      0.04 
Ser  AGC     18.00    36.14      0.32 
Lys  AAG     11.00    22.09      0.85 
Lys  AAA      2.00     4.02      0.15 
Asn  AAT      2.00     4.02      0.06 
Asn  AAC     31.00    62.25      0.94 
Met  ATG      6.00    12.05      1.00 
Ile  ATA      0.00     0.00      0.00 
Ile  ATT      4.00     8.03      0.36 
Ile  ATC      7.00    14.06      0.64 
Thr  ACG     11.00    22.09      0.19 
Thr  ACA      6.00    12.05      0.11 
Thr  ACT     13.00    26.10      0.23 
Thr  ACC     27.00    54.22      0.47 
Trp  TGG      9.00    18.07      1.00 
End  TGA      0.00     0.00      0.00 
Cys  TGT      4.00     8.03      0.17 
Cys  TGC     20.00    40.16      0.83 
End  TAG      0.00     0.00      0.00 
End  TAA      1.00     2.01      1.00 
Tyr  TAT      3.00     6.02      0.13 
Tyr  TAC     21.00    42.17      0.88 
Leu  TTG      2.00     4.02      0.08 
Leu  TTA      0.00     0.00      0.00 
Phe  TTT      2.00     4.02      0.13 
Phe  TTC     13.00    26.10      0.87 
Ser  TCG      6.00    12.05      0.11 
Ser  TCA      3.00     6.02      0.05 
Ser  TCT     12.00    24.10      0.21 
Ser  TCC     15.00    30.12      0.27 
Arg  CGG      0.00     0.00      0.00 
Arg  CGA      1.00     2.01      0.11 
Arg     CGT      0.00     0.00      0.00 
Arg     CGC      7.00    14.06      0.78 
Gln     CAG     21.00    42.17      0.91 
Gln     CAA      2.00     4.02      0.09 
His     CAT      0.00     0.00      0.00 
His     CAC      5.00    10.04      1.00 
Leu     CTG     13.00    26.10      0.50 
Leu     CTA      1.00     2.01      0.04 
Leu     CTT      5.00    10.04      0.19 
Leu     CTC      5.00    10.04      0.19 
Pro     CCG      5.00    10.04      0.18 
Pro     CCA      2.00     4.02      0.07 
Pro     CCT     10.00    20.08      0.36 
Pro     CCC     11.00    22.09      0.39 
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Nicotiana tabacum chloroplast (Tobacco) 
 
11 genes found in GenBank 63. 
Produced by J. Michael Cherry (cherry@frodo.mgh.harvard.edu) with the GCG program 
CodonFrequency. ftp://ftp.ebi.ac.uk/pub/databases/codonusage/ Accessed 25/01/2008.  
Duplicates, pseudogenes, mutant and synthetic genes were not included. Coding regions were 
specified using the Feature Table of each entry, then checked for accuracy. If more than one 
stop codon was found the sequence was not included. 
 
AmAcid  Codon     Number    /1000     Fraction  
 
Gly     GGG       42.00     12.79      0.14 
Gly     GGA      118.00     35.94      0.38 
Gly     GGT      113.00     34.42      0.37 
Gly     GGC       36.00     10.97      0.12 
Glu     GAG       54.00     16.45      0.26 
Glu     GAA      156.00     47.52      0.74 
Asp     GAT       89.00     27.11      0.75 
Asp     GAC       30.00      9.14      0.25 
Val     GTG       29.00      8.83      0.14 
Val     GTA       88.00     26.80      0.42 
Val     GTT       72.00     21.93      0.34 
Val     GTC       22.00      6.70      0.10 
Ala     GCG       25.00      7.61      0.10 
Ala     GCA       53.00     16.14      0.22 
Ala     GCT      122.00     37.16      0.51 
Ala     GCC       39.00     11.88      0.16 
Arg     AGG       30.00      9.14      0.15 
Arg     AGA       55.00     16.75      0.27 
Ser     AGT       38.00     11.57      0.18 
Ser     AGC       26.00      7.92      0.12 
Lys     AAG       42.00     12.79      0.32 
Lys     AAA       88.00     26.80      0.68 
Asn     AAT       95.00     28.94      0.61 
Asn     AAC       61.00     18.58      0.39 
Met     ATG       80.00     24.37      1.00 
Ile     ATA       60.00     18.28      0.22 
Ile     ATT      142.00     43.25      0.51 
Ile     ATC       75.00     22.84      0.27 
Thr     ACG       17.00      5.18      0.10 
Thr     ACA       48.00     14.62      0.29 
Thr     ACT       60.00     18.28      0.37 
Thr     ACC       39.00     11.88      0.24 
Trp     TGG       44.00     13.40      1.00 
End     TGA        3.00      0.91      0.27 
Cys     TGT       20.00      6.09      0.80 
Cys     TGC        5.00      1.52      0.20 
End     TAG        1.00      0.30      0.09 
End     TAA        7.00      2.13      0.64 
Tyr     TAT       68.00     20.71      0.64 
Tyr     TAC       38.00     11.57      0.36 
Leu     TTG       66.00     20.10      0.22 
Leu     TTA       86.00     26.20      0.29 
Phe     TTT       79.00     24.06      0.56 
Phe     TTC       62.00     18.89      0.44 
Ser     TCG       15.00      4.57      0.07 
Ser     TCA       29.00      8.83      0.13 
Ser     TCT       73.00     22.24      0.34 
Ser     TCC       34.00     10.36      0.16 
Arg     CGG       15.00      4.57      0.07 
Arg     CGA       36.00     10.97      0.18 
Arg     CGT       53.00     16.14      0.26 
Arg     CGC       13.00      3.96      0.06 
Gln     CAG       33.00     10.05      0.29 
Gln     CAA       79.00     24.06      0.71 
His     CAT       47.00     14.32      0.66 
His     CAC       24.00      7.31      0.34 
Leu     CTG       23.00      7.01      0.08 
Leu     CTA       52.00     15.84      0.17 
Leu     CTT       59.00     17.97      0.20 
Leu     CTC       14.00      4.26      0.05 
Pro     CCG       17.00      5.18      0.11 
Pro     CCA       37.00     11.27      0.23 
Pro     CCT       78.00     23.76      0.48 
Pro     CCC       29.00      8.83      0.18 
 
 192 
Escherichia coli 
 
6 genes found in GenBank 63. 
Produced by J. Michael Cherry (cherry@frodo.mgh.harvard.edu) with the GCG program 
CodonFrequency. ftp://ftp.ebi.ac.uk/pub/databases/codonusage/ Accessed 25/01/2008.  
Duplicates, pseudogenes, mutant and synthetic genes were not included. Coding regions were 
specified using the Feature Table of each entry, then checked for accuracy. If more than one 
stop codon was found the sequence was not included. 
 
AmAcid  Codon     Number    /1000     Fraction  
 
Gly     GGG     1743.00      9.38      0.13 
Gly     GGA     1290.00      6.94      0.09 
Gly     GGT     5243.00     28.22      0.38 
Gly     GGC     5588.00     30.08      0.40 
Glu     GAG     3527.00     18.98      0.30 
Glu     GAA     8101.00     43.61      0.70 
Asp     GAT     6103.00     32.85      0.59 
Asp     GAC     4244.00     22.84      0.41 
Val     GTG     4429.00     23.84      0.34 
Val     GTA     2231.00     12.01      0.17 
Val     GTT     3744.00     20.15      0.29 
Val     GTC     2601.00     14.00      0.20 
Ala     GCG     5946.00     32.01      0.34 
Ala     GCA     3899.00     20.99      0.22 
Ala     GCT     3266.00     17.58      0.19 
Ala     GCC     4274.00     23.01      0.25 
Arg     AGG      286.00      1.54      0.03 
Arg     AGA      464.00      2.50      0.04 
Ser     AGT     1366.00      7.35      0.13 
Ser     AGC     2871.00     15.45      0.27 
Lys     AAG     2238.00     12.05      0.24 
Lys     AAA     7102.00     38.23      0.76 
Asn     AAT     3047.00     16.40      0.39 
Asn     AAC     4755.00     25.59      0.61 
Met     ATG     4756.00     25.60      1.00 
Ile     ATA      738.00      3.97      0.07 
Ile     ATT     4970.00     26.75      0.47 
Ile     ATC     4955.00     26.67      0.46 
Thr     ACG     2375.00     12.78      0.23 
Thr     ACA     1263.00      6.80      0.12 
Thr     ACT     2160.00     11.63      0.21 
Thr     ACC     4437.00     23.88      0.43 
Trp     TGG     2504.00     13.48      1.00 
End     TGA      180.00      0.97      0.30 
Cys     TGT      887.00      4.77      0.43 
Cys     TGC     1173.00      6.31      0.57 
End     TAG       52.00      0.28      0.09 
End     TAA      371.00      2.00      0.62 
Tyr     TAT     3017.00     16.24      0.53 
Tyr     TAC     2629.00     14.15      0.47 
Leu     TTG     2046.00     11.01      0.11 
Leu     TTA     1879.00     10.11      0.11 
Phe     TTT     3443.00     18.53      0.51 
Phe     TTC     3328.00     17.91      0.49 
Ser     TCG     1434.00      7.72      0.13 
Ser     TCA     1274.00      6.86      0.12 
Ser     TCT     1992.00     10.72      0.19 
Ser     TCC     1794.00      9.66      0.17 
Arg     CGG      851.00      4.58      0.08 
Arg     CGA      580.00      3.12      0.05 
Arg     CGT     4534.00     24.41      0.42 
Arg     CGC     4006.00     21.56      0.37 
Gln     CAG     5389.00     29.01      0.69 
Gln     CAA     2375.00     12.78      0.31 
His     CAT     2145.00     11.55      0.52 
His     CAC     1987.00     10.70      0.48 
Leu     CTG     9749.00     52.48      0.55 
Leu     CTA      565.00      3.04      0.03 
Leu     CTT     1857.00     10.00      0.10 
Leu     CTC     1764.00      9.50      0.10 
Pro     CCG     4371.00     23.53      0.55 
Pro     CCA     1559.00      8.39      0.20 
Pro     CCT     1248.00      6.72      0.16 
Pro     CCC      785.00      4.23      0.10 
 
